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PEEFACE  TO  THE  SECOND  EDITION. 


There  are  two  classes  of  students  of  science  to 
whom  some  clear  and  compendious  exposition  of  the 
phenomena  of  vision  would  seem  to  he  especially  help¬ 
ful — viz.,  ophthalmologists  and  psychologists.  To  the 
former  its  importance  need  not  be  urged,  since  it  is 
obvious  that  physiology  is  the  basis  of  pathology,  and 
therefore  of  practice,  in  this  as  in  every  other  depart¬ 
ment  of  medicine.  To  the  latter  its  imporforfra  is  not 
so  generally  recognized.  But  it  is  evkj@&f  that  the 
physiology  of  the  senses,  and  especbferfs^  of  the  ^ense 
of  sight,  forms  the  only  sure  ba^ijTyrf  a  rational  psy¬ 
chology.  Now,  both  these  cl^sW/oi  students  are  rap¬ 
idly  increasing  in  this  comity,  and  the  methods  in 
both  are  becoming  more  aK?  more  scientific. 

As  an  introductions^  "psychology,  I  know  nothing 
equal  to  the  study  Qf  the  phenomena  of  vision,  and 
especially  of  Jbgwcular  vision.  Here  pure  sense  per¬ 
ception  pass^j^by  insensible  gradations  into  simplest 
judgmetf^Sand  these  latter  into  the  more  complex 
judgments.  -  The  simplest  psychological  phenomena 
a^e^erefore  found  hete.  I  am  quite  sure  that  if  any 
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one  will  repeat  the  experiments  contained  in  this  little 
book,  whether  to  verify  or  to  refute  the  results,  he  will 
have  acquired  an  amount  of  culture  in  scientific  method 
which  will  both  surprise  and  delight  him. 

But  the  subject  is  important  not  only  to  these  spe¬ 
cial  students,  but  in  an  eminent  degree  to  every  intelli¬ 
gent  person,  and  must  be  intensely  interesting  once  the 
field  is  fairly  entered.  But  the  field  of  binocular  phe¬ 
nomena  is  an  almost  closed  world  to  most,  even  intel¬ 
ligent,  people — the  phenomena  have  almost  completely 
dropped  out  of  consciousness.  And  yet  on  these  very 
phenomena  are  based  our  judgments  of  size,  distance, 
and  shape,  every  day  of  our  lives.  Is  it  not  strange 
that  intelligent  persons  should  go  through  life  without 
analyzing  their  visual  impressions,  without  even  being 
conscious  of  phenomena  on  which  are  based^jK^ments 
which  are  necessary  for  the  safe  condu^srof  physical 
life  ?  AAr e  believe  that  this  reproachyjQbeing  removed, 
and  it  is  to  help  its  removal  that  ih^^vork  is  written. 

In  justification  of  my  right^pteacli  others  on  this 
subject,  I  would  say  that  ^>£1?  early  childhood  I  have 
amused  myself  by  pracj^itong  binocular  experiments, 
until  I  have  acquired^^icility  in  voluntary  movements 
of  the  eyes  and  iiQi/payzing  the  visual  results  which  I 
am  sure  is  qnitS^xceptional.  On  this  account  some  of 
the  experiments,  especially  in  Part  III,  may  at  first 
(but  oii^^^first)  be  found  difficult  to  most  persons. 
IqAIhs  second  edition  I  have  found  little  to  correct 
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principal  of  these  are  the  following :  In  Part  I  (1)  a 
fuller  explanation  of  the  cause  of  astigmatism  ;  (2)  a 
clearer  statement  of  the  nature  of  space  perception  and 
of  the  law  of  direction  ;  (3)  a  new  mode  of  locating  in 
space  the  visual  representative  of  the  blind  spot ;  (4)  a 
brief  account  of  that  curious  substance,  visual  pur  pie  ^ 
and  its  probable  function  ;  and  (5)  a  much  fuller  expo¬ 
sition  of  color  perception  and  color-blindness ,  making 
it  now  a  separate  section. 

I  have  made  verv  little  change  in  Part  II. 

Part  III  is  the  part  in  which  I  differ  most  funda¬ 
mentally  from  some  noted  authorities.  I  have  there¬ 
fore  gone  over  this  part  again  carefully  and  vended 
every  point,  so  that  I  feel  more  than  ever  confident  of 
its  substantial  truth.  I  have  also  added  in  this  part  a 
chapter  on  the  form  of  phantom  planes  ui^*^  certain 
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In  writing  this  treatise  I  have  tried  to  make  a  book 
that  would  be  intelligible  and  interesting  to  the  thought¬ 
ful  general  reader,  and  at  the  same  time  profitable  to 
even  the  most  advanced  specialist  in  this  department. 
I  find  justification  for  the  attempt  in  the  fact  that  there 
is  not,  to  my  knowledge,  any  work  covering  the  same 
ground  in  the  English  language.  Vision  has  been 
treated  either  as  a  branch  of  optics  or  else^^\  branch 
of  physiology  of  the  nervous  system.  IlakMfoltz’s  great 
work  on  u  Physiological  Optics,”  of.  wyicli  there  exist 
both  a  German  and  a  French  ejijifon,  is  doubtless  ac¬ 
cessible  to  scientists,  but  this  is  so  technical  that 

it  is  practically  closed  to  all  QXit  the  specialist.  I  be¬ 
lieve,  therefore,  that  the  which  I  now  offer  meets 
a  real  want,  and  fills ^^fgap  in  scientific  literature. 

The  form  in /W  Mcli  the  subject  is  here  presented 
has  been  devglg^ecl  entirely  independently,  and  as  the 
result  of  a  cC^cientious  endeavor  to  make  it  clear  to 
student^dider  my  instruction.  As  evidence  of  this,  I 
woul^Adraw  attention  to  the  fact  that,  out  of  one  hun- 
dre<Om  d  thirty  illustrations,  only  about  twelve  have 
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been  taken  from  other  writers.  On  those  points  in 
which  I  differ,  not  only  in  form  but  in  matter,  from 
other  writers,  I  am  willing  to  abide  the  judgment  of 
those  best  qualified  to  decide. 


I  have  devoted  a  large,  perhaps  some  may  think  a 


too  large,  space  to  the  discussion  of  binocular  vision. 
I  have  done  so,  partly  because  I  have  devoted  special 
attention  to  this  department,  partly  because  it  is  so  very 
imperfectly  presented  by  other  writers,  but  chiefly  be¬ 
cause  it  seemed  to  me  by  far  the  most  fascinating  por¬ 
tion  of  the  whole  subject  of  vision. 

As  a  means  of  scientific  culture,  the  study  of  vision 
seems  to  me  almost  exceptional.  It  makes  use  of, 
and  thus  connects  together,  the  sciences  of  Physics, 
Physiology,  and  Psychology.  It  makes  the  cultivation 
of  the  habit  of  observation  and  experimentotAssible  to 
all ;  for  the  greatest  variety  of  experinGjifs  may  be 
made  without  expensive  apparatus, ^C^indeed,  appa¬ 
ratus  of  any  kind.  And,  above  qlffvr  compels  one  to 
analyze  the  complex  phenomenqjbr  Sense  in  his  own 
person,  and  is  thus  a  truly  ^Shnirable  preparation  for 
the  more  difficult  task  ofGSjnalysis  of  those  still  higher 
and  more  complex  nhgysmena  which  are  embraced  in 
the  science  of  P  x>gy. 


Berkeley,  QaCjornia,  May  20 ,  1880. 
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TIIE  RELATION  OF  GENERAL  SENSIBILITY  TO  SPECIAL 
SENSE. 

Sensory  nerve-fibers  are  cylindrical  threads  of  mi¬ 
croscopic  fineness,  terminating  outwardly  in  tlie  sensi¬ 
tive  surfaces  and  sense-organs,  and  inwardly  in  tlie 
nerve-centers,  especially  tlie  brain .  Impressions  on 
tlieir  outer  extremity  are  transmitted  along  the  fiber 
with  a  velocity  of  about  one  hundred  feet  p^O&cond, 
and  determine  changes  in  the  nerve-cento^wliich  in 
turn  may  determine  changes  in  consciou^s^s  which  wo 
call  sensation.  The  simplest  and  mo^N^eneral  form  of 
sensation  is  what  is  called  general^ilQmflity,  or  common 
sensation.  This  is  a  mere  sense  ^contact,  an  indefinite 
response  to  external  impressio0  It  gives  knowledge  of 
externality — of  the  exist<  the  external  world — but 

not  of  the  properties  o&matter.  The  lowest  animals 
possess  this,  and  notl(njg  more.  But,  as  we  go  up  the 
seale  of  animals,  i^C^rder  to  give  that  wider  and  more 
accurate  knowkfl^e  of  the  various  properties  of  matter 
necessary  f^NJhhe  complex  relations  of  the  higher  ani¬ 
mals,  sensor^  nerve-fibers  are  differentiated  into  several 
trines  at  each  may  give  clear  knowledge  of  a  dif- 
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ferent  property.  Thus,  for  example,  the  first  pair  of 
cranial  nerves — the  olf active — is  specially  organized  to 
take  cognizance  of  certain  impressions,  called  smells,  and 
nothing  else.  If,  therefore,  these  nerve-fibers  are  irri¬ 
tated  in  any  way,  even  mechanically,  by  scratching  or 
pinching,  they  do  not  feel  but  perceive  an  odor .  The 
second  pair  of  cranial  nerves — the  optic — is  specially 
organized  in  a  truly  wonderful  way  to  respond  to  the 
ethereal  vibrations  called  light,  and  nothing  else.  If, 
therefore,  these  nerves  be  mechanically  irritated,  we  do 
not  feel  anything,  but  see  a  flash  of  light.  In  a  similar 
manner,  the  eighth  pair — the  auditive  nerve — is  special¬ 
ly  organized  to  respond  to  sound-vibrations,  and  nothing 
else ;  and  therefore  mechanical  irritation  of  this  nerve 
produces  only  the  sensation  of  sound.  Similarly,  the 
ninth  pair,  or  gustative  nerve,  is  organized  for  the  ap¬ 
preciation  of  taste  only ;  and,  therefore,  a  feeble  electric 
current  through  this  nerve  produces  a  peculiar  taste. 

We  have  in  these  facts  only  an  exan^^^of  a  very 
wide  law,  viz.,  the  law  of  differ entiati(j$>  In  the  lowest 
animals  all  the  tissues  and  organs /rfliich  are  so  widely 
distinct  in  the  higher  animals  represented  by  an 
unmodified  cellular  structicrJ^pHorm ing  all  the  func¬ 
tions  of  the  animal  body,  Imkin  an  imperfect  manner. 
Each  cell  in  such  an  onanism  will  feel  like  a  nervous 
cell,  contract  like  a  i^jracular  cell,  respire  like  a  lung¬ 
cell,  or  digest  lik<s^Psfomach-cell.  As  we  go  up  the 
animal  scale,  ihiOcommon  structure  is  differentiated 
first  into  three  main  systems,  viz.,  the  mttritive  or  epi¬ 
thelial  sysi&JJ,  the  nerve-system,  and  the  Hood- system  : 
the  firetTpresiding  over  absorption  and  elimination — 
i.  e.,^1  iange  of  matter  between  the  exterior  world 
arwAtlie  organism ;  the  second,  over  exchange  of  force 
^Deiween  exterior  and  interior  by  impressions  determin- 
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ing  changes  in  consciousness,  and  by  will  determining 
changes  in  external  phenomena;  the  third,  presiding 
over  exchanges  between  different  parts  of  the  organism. 
The  first  kind  of  exchange  may  be  likened  to  foreign 
commerce ;  the  second,  to  exchange  of  intelligence  by 
telegraphic  communication  with  foreign  countries  ;  the 
third,  to  the  internal  carrying  trade.  These  three  sys¬ 
tems  are  very  early  differentiated  in  the  embryo,  since 
they  are  severally  produced  from  the  three  primitive 
layers  of  the  germinal  disk,  viz.,  the  endoderm ,  the 
ectoderm ,  and  the  mesoderm. 

Neglecting  now  all  but  the  second  or  nervous  sys¬ 
tem  as  we  still  go  up,  this  is  again  differentiated  into 
three  subdivisions,  viz.,  the  conscio-voluntary ,  the  re¬ 
flex,  and  the  ganglionic ,  each  with  its  center  and  its 
afferent  and  efferent  fibers.  Neglecting,  again,  the  two 
others/  and  selecting  only  the  conscio-voluntary,  the 
sensory  fibers  of  this  sub-system  are  again  differentiated 
into  five  kinds,  each  to  respond  to  a  differenl^Mnd  of 
impression,  and  perceive  a  different  propei^yviz.,  the 
five  special  sense-fibers  for  sight,  hearingQsTnell,  taste, 
and  touch.  Even  these  are  probably  further  dif¬ 
ferentiated  ;  for  the  perception  ofi-diQferent  colors  and 
different  musical  sounds  is  prolraWjr  effected  by  means 
of  special  fibers  of  the  optic  an(J)auditive  nerves,  and  it 
is  now  believed  that  lieat ,  pressure ,  and  pain  are 

each  perceived  by  distinc^wers  of  the  nerves  of  feel¬ 
ing.  Odors  and  tastq^syn’e  almost  infinite  in  number, 
but  whether  they  arCgierceived  each  by  special  fibers,  or 
by  different  affet^jbns  of  the  same  fibers,  is  not  known. 
The  followW^agram  (Fig.  1)  illustrates  these  suc¬ 
cessive  di^^ntiations. 

Grad^tioh  among  the  Senses. — 1.  As  to  Response  to 

Vibrm,  hts. — Now  all  these  higher  special  senses  may 
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be  regarded  as  the  result  of  refinements  of  common 
sensation — each  a  more  refined  toiich.  Coarse  vibra¬ 
tions  are  perceived  by  the  nerves  of  common  sensation 
as  a  jarring.  When  the  vibrations  are  so  rapid  that 


Fig.  1. 
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there  aw^Sfxteen  complete  movements  back  and  forth 
in  a  S^phd,  an  entirely  different  sensation  is  produced, 
wM^i  we  call  sound.  The  vibrations  are  no  longer 
perceived  by  the  nerves  of  common  sensation,  hut  a 
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special  nerve — tlie  auditive — is  organized  to  respond  to 
or  co-vibrate  with  them.  As  the  vibrations  increase  in 
number,  they  are  perceived  as  higher  and  higher  pitch, 
until  they  reach  the  number  of  about  30,000  to  40,000 
in  a  second.  This  is  the  highest  pitch  the  ear  can  per¬ 
ceive,  the  quickest  vibrations  the  auditive  nerve  can 
respond  to.  Beyond  this  there  is  no  sensation  of  any 
kind,  but  only  because  we  have  no  nerve  organized  to 
co-vibrate  with  these  more  rapid  undulations.  These 
vibrations,  insensible  to  us,  may  possibly  be  perceived 
by  some  lower  animals,  as,  for  example,  insects ;  we  can 
not  tell.  After  a  long  interval,  vibrations  again  appear 
in  consciousness  as  light.  The  vibrations  which  produce 
this  sensation  are  so  rapid — the  lowest  about  400,000,- 
000,000,000  in  a  second — that  they  can  be  conveyed 
only  by  the  ethereal  medium.  For  the  perception  of 
these  vibrations,  a  peculiar  and  wonderful  organization 
is  necessary,  found  only  in  the  optic  nerve.  Above  the 
number  just  given,  ethereal  vibrations  are  pers^ived  as 
different  colors,  in  the  order  seen  in  the  spe*$$hn,  until 
about  800,000,000,000,000  is  reached.*  X^yond  this 
we  have  no  nerve  capable  of  responding) 

2.  As  to  Kind  of  Contact . — The^radation  among 
the  special  senses  may  be  shown^rra  different  way.  In 
touch  we  require  direct  and  xQtally  solid  contact ;  in 
taste,  liquid,  contact,  for  un4££&  a  body  is  soluble  it  can 
not  be  tasted  ;  in  smej^fyuP contact  is  gaseous ,  for  un- 

*  It  is  difficult  to  conc^Tvpflie  extreme  rapidity  of  the  vibration  of  a 
ray  of  liiiht.  The  folloj>rin?pllustration  may  help :  The  average  or  green 
ray  vibrates  about  ffi^Sbo^OOOjOOO^OO  times  in  a  second.  If  t  repre¬ 
sents  the  time^o£^*re  vibration,  then  t  :  1  sec.  :  :  1  sec. :  :  20,000,000 
years — i.  e.,  ttjS^yhe  of  vibration  of  a  ray  of  light  is  the  same  part  of 
one  second  a^ne  second  is  of  twenty  millions  of  years,  or  there  are  as 
many  vihj™pns  in  one  second  as  there  are  seconds  in  twenty  millions  of 
yearsv  V 
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less  a  body  is  volatile  or  vaporizable  it  can  not  be 
smelled.  In  this  last  case,  the  perception  of  objects  at 
a  distance  begins  ;  still  it  is  by  direct  contact,  for  par¬ 
ticles  from  the  distant  body  must  touch  the  olfactive 
nerve.  Thus  far  the  impression  is  immediate.  In  hear¬ 
ing ,  there  is  no  direct  contact  of  the  sounding  body,  but 
the  vibrations  are  conveyed  through  a  medium.  We 
perceive  at  a  distance ,  limited  only  by  the  extent  of 
the  atmosphere  and  the  energy  of  the  initial  vibration. 
This  sense  is  therefore  still  terrestrial .  In  sight ,  finally, 
we  perceive  objects  at  a  distance  which  is  illimitable, 
the  vibrations  being  conveyed  by  a  medium  which  is 
universal,  and  too  subtile  to  be  recognized  except  as  the 
bearer  of  light.  This  sense,  therefore,  is  cosmical . 

3.  As  to  Objectiveness. — Again,  commencing  with 
taste :  In  this  sense  we  distinctly  perceive  that  the  sen¬ 
sation  is  subjective — is  in  us,  not  in  the  body  tasted. 
In  smell,  there  is  an  equal  commingling  of  subjective¬ 
ness  and  objectiveness.  We  distinctly  jpen&WM  the  sen¬ 
sation  as  in  the  nose,  and  yet  by  expegpice  we  have 
learned  to  refer  it  to  an  object  at  a  di^Qihce.  In  hear¬ 
ing,  we  already  refer  the  cause  so*^)npletely  to  a  dis¬ 
tant  object  that  there  is  but  Ijjfav^allest  possible  rem¬ 
nant  of  a  consciousness  of^efrsation  in  the  ear ;  the 
sound  does  not  seem  to  10  m  the  ear,  but  in  yonder 
bell.  Finally,  in  sightd&k  impression  is  so  completely 
projected  outward-^^ms  so  absolutely  objective — and 
the  consciousness  anything  taking  place  in  the  eye 
so  completely  fbsi,  that  it  is  only  by  careful  analyses 
that  we  c  ai^fce  convinced  of  its  essential  subject- 
iveness.r  „  ...  . 

Ds^ichon  of  Higher  and  Lower  Senses. — The 
ordeA  which  we  have  given  above  is  also  the  order  of 
4irSbasing  specialization  and  refinement  of  the  senses. 


RELATION  OF  GENERAL  TO  SPECIAL  SENSE. 


•7 


But  only  in  the  two  higher  senses — only  in  those  senses 
in  which  there  is  no  direct  contact,  hut  the  impressing 
force  is  conveyed  by  means  of  vibration  through  a 
medium — only  in  these  highest  senses  do  we  find  that, 
besides  the  specialization  of  the  nerve-fibers  to  respond 
to  peculiar  vibrations,  there  is  also  an  elaborate  instru¬ 
ment  placed  in  front  of  the  specialized  nerve  in  order 
to  intensify  the  impression  and  give  it  more  definiteness. 
It  is  wholly  by  virtue  of  this  supplementary  instrument 
that  we  are  able  to  hear  not  only  sound  but  musie ,  or 
to  see  not  only  light  but  objects .  The  lowest  animals 
in  which  an  optic  nerve  is  found  perceive  light,  but  not 
objects  ;  because,  though  the  specialized  nerve  is  pres¬ 
ent,  the  appropriate  instrument  is  wanting.  Thus  hear¬ 
ing  and  sight  are  widely  different  from  the  other  senses 
and  stand  on  a  higher  plane.  It  is  on  these  two  higher 
senses  that  fine  art  is  wholly,  and  science  is  mainly, 
founded.  The  specialized  nerve  and  the  instrument 
for  intensifying  and  making  definite  the  impre^Mon  are 
together  called  the  sense-organ .  It  is  o^jlie  most 
highly  specialized  of  these  nerves  and  tluQnost  refined 
of  these  instruments,  the  highest  of  4#  sense-organs, 
the  eye ,  that  we  are  now  about  to 

It  may  be  well  to  bear  in  miW  and  keep  distinct 
what  may  be  called  the  direct  (§jfts  of  sight,  and  what 
are  added  by  the  mind  as  jdifijments  based  upon  these 
gifts.  The  direct  data  ^wifiy  light,  its  intensity ,  color, 
and  direction .  Thesqrare  incapable  of  further  analysis, 
and  are  therefore  sii&jMe  sensations.  Outline  form  may 
possibly  be  add&^ptliough  this  may  be  analyzed  into  a 
combination  ^Plirections.  But  solid  form ,  size,  and 
distance,  t^shgh  they  may  seem  to  be  immediately  per¬ 
ceived,  ^Jje  not  direct  perceptions,  but  only  very  simple 
judgniQra  based  on  the  data  given  above.  Yv7 e  only 
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state  these  facts  now  that  they  may  be  borne  in  mind. 
We  hope  to  substantiate  them  hereafter. 

It  is  well  also,  in  order  to  avoid  confusion,  to  dis¬ 
tinguish  between  light  objective  and  light  subjective — 
light  as  a  vibration  of  the  ether  and  light  as  a  sensation. 
The  one  belongs  to  physics,  the  other  to  physiology. 
Our  main  concern  is  with  light  as  a  sensation  ;  but  since 
ethereal  vibration  is  the  cause  of  the  sensation,  we  will 
have  much  to  say  of  this  also. 


Primary  Divisions  of  the  Subject. 

The  whole  subject  of  vision  may  be  divided  into 
two  parts,  viz.,  monocular  and  binocular  vision.  The 
former  is  simple  vision  without  qualification.  It  in¬ 
cludes  the  general  phenomena  characteristic  of  all  vi¬ 
sion.  In  addition  to  these  there  are  certain  other  phe¬ 
nomena  which  are  distinctive  of  the  use  of  two  eyes  as 
one  instrument.  These  constitute  binocular  vision. 
The  distinction  between  these  two  kinds 
will  be  fully  explained  in  Part  II. 


enomena 
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In  tliis  part  are  included  only  those  general  phenom¬ 
ena  which  characterize  all  vision.  Besides  these  there 
are  some  which  are  distinctive  of  the  use  of  the  two  eyes 
as  one  instrument.  These  belong  to  binocular  vision. 

7  CHAPTER  I. 

GENERAL  STRUCTURE  OF  TEE  HUMAN  EYE,  AND  TEE 
FORMATION  OF  IMAGES. 

SECTION  I.— GENERAL  STRUCTURE  OF  THE  EYE. 

General  Form  and  Setting. — The  eye  is  nearly  spheri¬ 
cal  in  shape,  and  about  an  inch  in  diameter.  The  socket 
in  which  it  is  set  is  not  a  hollow  sphere,  bujfcvhn  irregu¬ 
lar  hollow  cone  or  pyramid.  Evidentl^Q^oerefore,  the 
deeper  and  smaller  parts  of  the  liol^^^Vmst  be  filled 
with  something  else.  It  is  filled  with  loose  connective 
tissue,  containing  fat.  On  tliiaL  on  a  soft  cushion, 
the  eyeball  rolls  with  ease  in  d0m*y  direction.  The  eye 
proper  is  really  behind  thaQ)in  or  outer  integument  of 
the  face,  for  the  skin  covers  the  lids  turns  over 

the  edge  (Fig.  2,  l  A  a^Kpasses  under  the  lids,  becoming 
here  thin  and  ten4$r  mucous  membrane ;  it  is  then 
reflected  from4<^  back  part  of  the  lid  to  the  anterior 
surface  of  ^fh^Avliite  portion  of  the  ball  (Fig.  2,  a  a ), 
then  pas^&rward  again  over  the  ball  as  far  as  the 
clear  p^rtv  or  cornea  (Fig.  %eo  e\  and  then  entirely 
ov^r^i£,  although  very  closely  attached.  If  carefully 
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dissected  off,  it  would  leave  tlie  eyeball  behind  it.  This 
mucous  covering  of  the  anterior  portion  of  the  eyeball 
is  called  the  conjunctiva . 

Illustrations. — In  ordinary  inflammations  of  the  eye, 
it  is  this  mucous  membrane  which  is  affected,  and  not 
the  eye  proper.  Disease  of  the  eye  proper  is  a  far  more 
serious  matter.. 

When  motes  get  into  the  eye  they  can  not  go  be¬ 
yond  easy  reach,  viz.,  beyond  the  reflection  of  the 
mucous  membrane,  from  the  lid  to  the  ball,  at  the 
points  a  a . 

The  Muscles. — We  all  know  the  rapidity  and  preci¬ 
sion  with  which  the  eye  turns  in  all  directions.  This 
is  by  means  of  six  slender  muscles.  Four  of  these 
are  called  the  straight  muscles  and  two  the  oblique 
muscles.  The  straight  muscles  all  rise  at  the  bottom 


Fig.  2.  Fig.  3. 


of  the  conical  sopk@xiiverge  as  they  pass  forward,  and 
grasp  the  eyebaiWbove,  below,  on  right  and  left  side, 
just  in  front^Pfche  middle  or  equator  of  the  globe  (Fig. 
3).  ThevfaH  called  severally  superior ,  inferior ,  exter¬ 
nal,  ai^J sbnternal  rectus .  The  first  turns  the  ball  up- 
wardVthe  second  downward,  the  third  to  the  right,  and 
tl^Jourth  to  the  left,  if  we  are  speaking  of  the  right 
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eye.  This  is  their  action  expressed  generally ;  but,  by 
reference  to  Fig.  22,  on  page  51,  it  is  seen  that  the  axis 
of  the  eye  is  not  coincident  with  the  axis  of  the  socket, 
and,  therefore,  the  action  of  the  superior  rectus  by  itself 
is  not  only  to  turn  the  eye  upward,  but  also  to  turn  it 
inward  toward  the  nose  and  rotate  it  on  its  visual  axis 
inward ;  while  the  inferior  rectus  not  only  turns  the 
eye  downward,  but  also  turns  it  inward  toward  the  nose 
and  rotates  it  on  its  visual  axis  outward. 

The  oblique  muscles  are  superior  and  inferior.  The 
superior  oblique  (Fig.  3,  b)  rises  like  the  recti  at  the 
bottom  of  the  socket,  passes  forward,  contracts  to  a 
slender  tendon,  passes  through  a  loop  situated  in  the 
forward  part  of  the  socket,  on  the  inner  (nasal)  and  up¬ 
per  side  (Fig.  3,  c) ;  it  then  turns  upon  itself  backward 
and  outward,  passes  over  the  globe  obliquely  across  the 
equator,  and  is  attached  to  the  sclerotic,  or  white  coat 
of  the  eye,  on  the  outside,  a  little  behind  the  equator. 
From  its  last  direction  it  is  evident  that  its  fmtotion  is 
to  turn  the  eye  outward  and  downward,  and  J^tlre  same 
time  to  rotate  it  on  its  visual  axis  inwavfp&. i.  e.,  sinis- 
trally  for  the  right  eye  and  dextrally  ^djjhie  left.  The 
inferior  oblique  (Fig.  3,  d)  risaa<£^m  the  anterior, 
inner,  and  lower  portion  of  thaLsoeket,  passes  outward 
and  backward  beneath  the  balQmd,  crossing  the  equa¬ 
tor  obliquely,  is  attached  taGEhe  ball  on  the  outside,  a 
little  behind  the  equatmPjJF rom  its  direction  it  is  evi¬ 
dent  that  its  function  ^vto  turn  the  eye  outward  and 
upward,  and  at  th^gjime  timfe  to  rotate  it  on  its  visual 
axis  outward,  dextrally — or  like  the  hands  of  a 

watch — for4th^ght  and  sinistrally  for  the  left.  It  is 
seen  that  oblique  muscles,  besides  rotating  the  eye 
on  its  v^ial  axis  in  opposite  directions,  co-operate  with 
>r  in  turning  the  eye  outward.  This  is  neces- 
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sary  to  counteract  tlie  tendency  of  tlie  superior  and 
inferior  recti  to  turn  tlie  eye  inward  in  raising  or  lower¬ 
ing  the  plane  of  vision. 

Illustrations  of  these  Actions. — If  we  desire  to  look 
upward,  we  bring  into  action  the  two  superior  recti ;  if 
downward,  the  two  inferior  recti.  In  both  these  cases, 
however,  the  oblique  muscles  must  co-operate.  In  look¬ 
ing  upward,  the  inferior  oblique  counteracts  both  the 
inward  turning  and  the  inward  rotation  produced  by 
the  superior  recti ;  in  looking  downward,  the  superior 
oblique  counteracts  both  the  inward  turning  and  the 
outward  rotation  of  the  inferior  recti.  If  we  look  to 
the  right,  we  bring  into  action  the  exterior  rectus  of  the 
right  and  the  interior  rectus  of  the  left  eye ;  if  to  the 
left,  the  external  rectus  of  the  left  and  internal  of  the 
right.  If  we  desire  to  look  at  a  very  near  object,  as, 
for  example,  the  root  of  the  nose,  then  the  two  interior 
recti  are  brought  into  action.  But  we  can  not  volun¬ 
tarily  bring  into  action  the  two  exterior  rectrib  turn  the 
eyes  outward,  nor  the  superior  rectus  q^nie  eye  and 
the  inferior  rectus  of  the  other,  so  as^Q>  turn  the  one 
eye  upward  and  the  other  dowmft^Cui.  The  reason  of 
this  is  because  such  motions,  so/ft4vJrom  subserving  any 
useful  purpose,  would  only  d^nfuse  us  with  double  im¬ 
ages,  as  will  be  explained  h Rafter,  and  therefore  have 
never  been  learned.*  & 

Malpositions  of  fk^ye,  such  as  squinting,  are  the  re¬ 
sult  of  too  great>G(^hiction  of  one  of  the  recti  muscles, 
usually  the  inteWl.  It  is  often  cured  by  cutting  the 
muscle  and  ^R^ving  it  to  attach  itself  to  a  new  point. 


*  M  animals,  however,  use  their  eyes  independently  of  one 

another,  aSd  are  able  to  turn  them  in  different  directions;  and  to  a 
liimtsBsexte.nt  the  same  may  be  done  by  man  when  necessary  to  accom- 
NjsTSsinsflc  vision. 
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The  Eyeball. — We  have  tlms  far  spoken  only  of 
what  is  external  to  the  hall,  viz.,  the  socket,  the  mus¬ 
cles,  etc.  We  come  now  to  explain  the  structure  of  the 
hall  itself.  Suppose,  then,  the  hall  he  removed  from 
the  socket,  and  the  muscles  and  connective  tissue  he 
dissected  away  ;  let  us  examine  more  minutely  its  form 
and  structure. 

The  eye  thus  separated  is  nearly  a  perfect  glohe,  ex¬ 
cept  that  the  front  part  is  more  protuberant  (Fig.  4). 


Fig.  4. 


I  / 


CTTON  OF  TIIE  Eye.—  0,  optic  n^Q>£*clerotic;  Ch,  choroid;  R,  retina;  v, 
vitreous  body;  Cm,  ciliary  mv&XjrQ,  conjunctiva;  C,  cornea;  I,  iris;  L, 

lone  •  onnniMiQ  hnmAi*  •  :  1 - 1 ..  . l  n-.. 


1.  The  outer^Sjyesting  coat,  except  the  small  pro¬ 
tuberant  front  A^t,  is  a  strong,  thick,  fibrous  membrane 
of  a  por  ceMkvfrl  fite  color,  called  the  sclerotic.  This  is 
*d  in  the  living  eye,  and  is  called  the  “  white 


By  its  strength,  toughness,  and  elasticity 
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it  gives  form  without  rigidity.  On  this  account  the 
ball  yields  to  pressure,  but  quickly  regains  its  form.  It 
also  serves  as  the  basis  of  attachment  for  the  muscles. 
If  we  compare  the  eye  to  a  globular  watch,  then  the 
sclerotic  represents  the  outer  case. 

2.  The  more  protuberant  part  of  the  ball  is  covered 
with  a  thick,  strong,  but  very  transparent  membrane, 
called  the  cornea  (G,  Fig.  4).  It  corresponds  to  the 
crystal  of  the  watch.  Its  function  is  to  admit  the 
light,  and  at  the  same  time  to  refract  it,  so  as  to  assist 
in  forming  the  image,  as  will  be  explained  hereafter. 

3.  Running  across  from  the  circle  of  junction  of 

the  cornea  with  the  sclerotic,  and  cutting  off  the  more 
protuberant  clear  part  from  the  main  part  of  the  ball, 
and  thus  corresponding  in  position  to  the  face  of  the 
watch,  there  is  an  opaque,  colored  plate  called  the  iris, 
I.  It  is  the  colored  part  of  the  eye,  black,  brown,  blue, 
or  gray,  in  different  individuals.  This  transverse  plate 
is  not  perfectly  flat,  but  protrudes  a  little  m  the  middle. 
In  its  center  is  a  round  hole,  called  i^jmpil,  corre¬ 
sponding  in  position  with  the  hole  watch  face  for 

attachment  of  the  hands.  The  pwpll  seems  to  be  jet 
black,  because  the  observer  lool^through  the  pupil  into 
the  dark  interior  of  the  baU.vJne  function  of  the  pupil 
is  to  admit,  and  at  the  ^She  time  regulate  the  amount 
of,  light  .  .£> 

4.  Linings . — TkQ)much  is  visible  to  the  naked  eye 
without  dissectioH^  But  if  the  ball  be  now  carefully 
opened,  the  jfo^oehind  the  iris  is  found  to  be  lined 
with  two  membranes,  (a.)  Immediately  in  con¬ 
tact  witl  sclerotic  is  the  choroid ,  a  thin,  vascular 
menri^he,  the  anterior  layer  of  which  is  colored  with 
black^ pigment,  which  gives  it  a  deep-brown,  velvety 

arance.  Its  function  is  to  quench  the  light  as  soon 
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Fig.  5. 


as  it  has  done  its  work  of  impressing  the  retina.  The 
choroid  extends  forward  as  far  as  the  cornea.  The 
anterior  or  forward  portion  of  the  choroid,  separated 
from  the  sclerotic,  drawn  together  as  a  curtain,  and 
thickened  by  muscular  tissue,  forms  the  iris  already 
described.  Just  before  separating  from  the  sclerotic  to 
form  the  iris,  it  splits  into  two 
layers  :  one,  the  anterior,  goes 
to  form  the  iris,  as  already 
said,  while  the  other,  the  pos¬ 
terior,  is  gathered  into  a  cir¬ 
cular,  plaited  curtain,  or  series 
of  converging  folds,  which 
surrounds  the  outer  margin  of 
the  lens  (to  be  presently  de¬ 
scribed)  like  a  dark,  plaited 
collar.  These  plaits,  or  folds, 
seventy  to  seventy-two  in 
number,  are  called  the  ciliary  Section  of  Eye-— 

°  cornea;  c,  conjnr 


lens;  /,  ciliary  i 
dark  ciliary; 
h,  optic 


processes  (Fig.  5,  and  e.  Fig. 

20,  p.  38).  Beneath  the  outer 
portion  of  this  dark,  plaited 
collar,  and  therefore  in  contact  w^tOthe  sclerotic,  is  a 
muscular  collar,  with  radiating  ^cmrcular  fibers,  called 
the  ciliary  muscle  (Fig.  5,  f,  an  CFig.  20,  d).  (b.)  Within 
the  choroid,  innermost  anchuj&st  important  of  all,  is  the 
retina  (Fig.  4,  R).  Tliktgw  S  fact,  a  concave  expansion 
of  the  optic  nerve  4).  This  nerve,  coming  from 

the  brain,  enters  ftuaJ  eye-socket  near  its  point,  pene¬ 
trates  the  sclert^3  and  the  choroid,  then  spreads  out 
within  as  a  Jhi^semi -transparent  concave  membrane  of 
nerve-tiss^vvovering  the  whole  interior  of  the  ball  as 
far  for^jjam  as  the  ciliary  collar.  Its  function  is  to 
recei^Oand  respond  to  the  impressions  of  light.  Its 
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wonderful  structure  and  functions  will  be  explained 
hereafter. 

5.  Contents . — The  ball  thus  described  is  not  hollow 
and  empty,  but  filled  with  refractive  media,  as  trans¬ 
parent  as  finest  glass.  These  are  : 

(a.)  Crystalline ,  or  Lens. — Immediately  behind  the 
iris,  and  in  contact  with  it,  is  found  the  crystalline.  It 
is  a  flattened  ellipsoid,  or  double  convex  lens,  as  clear 
as  finest  glass,  about  one  third  of  an  inch  in  diameter 
and  one  sixth  of  an  inch  in  thickness,  firm  enough  to 
handle  easily,  but  elastic  and  easily  yielding  to  pressure. 
On  section  it  is  found  to  consist  of  layers  increasing  in 
density  from  surface  to  center,  as  shown  in  Fig.  5,  e , 
and  in  Fig.  13,  on  page  31.  The  lens  is  invested  with 
a  very  thin,  transparent  membrane,  capsule  of  the  lens , 
which  not  only  invests  it,  but  continues  outward  as  a 
curtain,  to  be  attached  to  the  sclerotic  near  the  junction 
of  the  cornea.  The  elastic  rigidity  of  the  sclerotic  pulls 
gently  on  this  curtain  and  makes  it  tauti  and  the  taut 
membrane  in  its  turn  presses  gently  orro^e)  elastic  com¬ 
pressible  crystalline  and  slightly  flcfM&hs  it.  We  shall 
see  the  importance  of  this  whenQyfe  come  to  speak  of 
the  adjustment  of  the  eye  foj^dmance. 

The  perfect  transparency^?  the  lens  is  obviously 
necessary  for  distinct  visiQf ;  cataract,  a  common  cause 
of  blindness,  arises  fr$£frits  opacity. 

The  lens,  withi QpO  continuing  curtain,  completely 
divides  the  intepw  of  the  ball  into  two  compartments, 
an  anterior  ai posterior. 

(b.)  Th^banterior  chamber  is  filled  with  a  clear, 
watery  ^i^lor,  called  the  aqueous  humor  (Figs.  4  and 
5),  a^Jvall  portion  of  which  is  behind  the  iris,  but  by 
faAtne  larger  portion  between  the  iris  and  the  cornea, 
w  two  parts  are  in  connection  through  the  pupil.  If 
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the  cornea  be  punctured,  the  aqueous  humor  runs  out, 
the  clear  protuberant  part  of  the  eye  collapses,  and  the 
sight  is  for  the  time  ruined.  If,  however,  the  wound 
heals  without  scar,  or  if  the  scar  be  to  one  side  of  the 
direct  line  of  sight,  the  cornea  will  fill  again  and  the 
sight  may  be  recovered. 

(c.)  The  posterior  and  much  larger  chamber  is  filled 
with  a  transparent,  glassy  substance,  about  the  consist¬ 
ence  of  soft  jelly,  called  the  vitreous  humor.  This 
humor  is  in  direct  contact  with  the  lens  and  curtain 
in  front,  and  with  the  retina  over  its  whole  globular 
surface. 


SECTION  II.— FORMATION  OF  THE  IMAGE. 

The  eyeball,  as  thus  described,  may  be  regarded  as 
consisting  essentially  of  two  distinct  portions,  viz.  :  1. 
A  nervous  expansion,  the  retina,  specialize^^or  re¬ 
sponding  to  light-vibrations  ;  2.  An  optical(J^rument, 
the  lens  apparatus,  placed  in  front  of  retina,  and 
specially  arranged  to  make  the  iinH^sion  of  light 
strong  and  definite,  by  means  of  (ffif&fyage.  These  two 
are  entirely  different  in  their  ori^n:  In  embryonic  de¬ 
velopment,  the  one  is  an  outarowth  from  the  brain ,  the 
other  an  ingrowth  from  t^epepidermis  and  cutaneous 
tissues.  These  aftenvi&^tfreet  and  unite  to  form  this 
wonderful  organ.  ~ 

Now  the  sole  object  of  this  complex  instrument  is 
the  formation  ora^erfect  image  on  the  retina.  With¬ 
out  images ♦vvN would  perceive  light,  but  not  objects ; 
and  distir^J&bss  of  objects  is  exactly  proportioned  to 
distinctness  of  retinal  images.  If  the  image  of  an  ob- 
jecWs^i^inct,  the  object  will  be  distinct ;  if  the  image 


18 


MONOCULAR  VISION. 


is  blurred,  the  object,  both  in  outline  and  in  details  of 
surface,  will  be  blurred.  If  there  is  no  image,  no  object 
will  be  visible.  Therefore  the  image  must  be  a  fac¬ 
simile  of  the  real  object,  for  the  apparent  object  will  be 
a  fac-simile  of  the  image. 

The  entire  distinctness  of  these  two  parts  of' the  eye 
may  be  made  plain  by  an  illustration.  Suppose,  then, 
that  the  whole  instrumental  apparatus  of  lenses  were 
removed,  leaving  only  the  concave  retina.  If  this  could 
be  retained  in  a  healthy  condition  (which  of  course  is 
practically  impossible),  it  would  be  easy  to  make  a  glass 
instrument  which,  put  into  the  concavity,  would  pro¬ 
duce  sight  as  perfect  as,  perhaps  more  perfect  than,  the 
natural  eye . 

Conditions  of  a  Perfect  Image. — A  serviceable  image 
must  be  sufficiently  bright,  and  perfectly  sharp  and  dis¬ 
tinct  in  outline  and  surface  details.  Brightness  only 
requires  a  sufficient  amount  of  light.  In  order  to  be 
perfectly  distinct,  it  is  necessary  that  ray&from  different 
points  in  the  object,  even  the  most  cA<fciguous,  should 
not  mix  on  the  image,  but  all  the  ra^from  each  point 
on  the  object  must  be  carried  own  point  on  the 

image,  Now,  it  is  impossibkJM  both  of  these  condi¬ 
tions  should  be  fulfilled,  except  by  some  such  arrange¬ 
ment  as  we  find  in  the  ej© 

For  see  :  suppose  light  to  enter  by  a  hole  only, 
like  the  pupil ;  andgprther,  in  order  that  there  be  light 
enough,  let  the.  1^3  be  somewhat  large ;  then  the  light, 
diverging  f row  any  point,  b,  Fig.  6,  A,  of  the  object 
a  b  c,  andS^&tering  the  hole  of  diaphragm  d  d,  will 
form  a  diverging  pencil,  and  spread  out  over  the  whole 
circl^^  on  the  screen  s  s .  Similarly,  the  rays  from  a 
wlE  spread  out  and  form  the  circle  a',  and  from  e  the 
circle  c\  Thus  it  is  seen  that  rays  from  widely  differ - 
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ent  points  in  the  object  mix  with  each  other  on  the 
receiving  screen ;  much  more,  then,  would  rays  from 
contiguous  points  of  the  object  mix.  In  such  a  case  the 
mixing  is  so  great  that  no  recognizable  image  is  formed 
at  all.  As  the  hole  becomes  smaller,  the  circles  of  dis¬ 
persion,  a'  V  c',  become  smaller  in  the  same  proportion  ; 
and,  therefore,  the  light  from  different  points  of  the 
object  is  more  and  more  separated  on  the  receiving 


Fig.  6. 


Image. 


screen, 


Diagram  showing  the  Formation  of  a 

and  the  image  becomes  fi^icognizable,  then 
more  and  more  distinct.  But  the  mean  time,  the 
quantity  of  light  is  becoming  ress  and  less,  and  there¬ 
fore  the  image  fainter  an^j&mter.  If  we  suppose  the 
hole  to  become  a  matlr^^ical  point,  then  one  ray  only 
passes  from  each  point  to  the  object,  and  goes  to  its 
intake  (Fk 


own  place  in  the. 


(Fig.  6,  and  the  conditions 


tne  jd 

of  distinctness/^^  fulfilled  ;  but  the  image  is  now  in¬ 
finitely  fainfcGhid  therefore  invisible.  If,  now,  we  try 
to  increa^fhe  brightness  by  increasing  the  size  of  the 
hole,afiN|roportion  as  we  get  brightness  do  we  lose  dis¬ 
tinctness.  We  can  not  get  both  at  the  same  time. 
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Experiment . — Let  a  room  with  solid  shutters  he 
darkened  ;  let  one  shutter  have  a  hole  of  a  few  inches 
in  diameter ;  cover  the  hole  with  an  opaque  plate  of 
sheet  iron,  in  which  there  is  a  very  small  hole  one 
tenth  to  one  twentieth  of  an  inch  in  diameter.  If, 
now,  a  sheet  of  white  paper  he  held  a  little  way  from 
the  small  hole,  an  inverted  image  of  the  external  land¬ 
scape  will  he  seen  on  the  sheet.  If  we  increase  the  size 
of  the  hole,  the  image  will  he  brighter,  hut  also  more 
blurred. 

Illustrations . — Many  simple  experiments  may  he 
made  illustrating  this  principle.  A  pinhole  in  a  card 
will  make  an  inverted  image  of  a  candle  flame.  When 
the  sun  is  in  eclipse,  it  may  be  examined  without  smoked 
glass,  by  simply  allowing  it  to  shine  through  a  pinhole 
in  a  card  upon  a  suitable  screen.  In  the  shade  of  a  very 
thick  tree-top  the  sun-flecks  are  circular  like  the  sun ; 
hut  during  an  eclipse  they  are  crescentic,  or  even  annu¬ 
lar,  according  to  the  dei-ree  of  obscuratk*h.  They  are 
always  images  of  the  sun.  Such  an  im^^may  he  called 
a  pinhole  image .  . ^ 

This  principle  is  utilized  m  animals.  In  the 

nautilus,  e.  g.,  the  eye  is  a  empty  hollow  lined 

with  the  retina,  and  open^ig^in  front  by  a  small  hole 
which  forms  a  pinhole  irnS^e  in  the  retina. 

Property  of  a  Lens,— Now  a  lens  has  the  remarkable 
property  of  accomj^Mng  both  these  apparently  oppo¬ 
site  ends,  viz.y  Ltness  and  distinctness  at  the  same 
time.  If  an  ob^ct,  a  e ,  be  placed  before  a  lens,  L  (Fig. 
7),  of  suitg&Q  shape,  then  all  the  rays  diverging  from 
any  paii0^,  are  bent  so  as  to  come  together  again  at  the 
poin^S \  Of  the  divergent  pencil,  b  L  Z,  the  central  ray 
ms^es  straight  through  without  deviation  ;  rays  a  little 
kWfry  from  the  central  are  bent  a  little;  rays  farther 
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away  are  bent  more  and  more  according  to  their  angle 
of  divergence,  so  that  they  all  meet  at  the  same  point, 
l'.  Similarly  all  the  rays  proceeding  from  a,  and  fall¬ 
ing  on  the  lens,  are  brought  to  the  same  point,  a\  and 
from  c  to  the  point  c\  and  so  also  for  every  intermediate 
point.  Thus  an  image  is  formed  which  is  both  bright 
and  very  distinct  if  the  receiving  screen  is  suitably 


Fig.  7. 


Diagram  showing  the  Formation  op  a  Lens  Image. 


placed — i.  e.,  at  the  exact  place  where  the  rays  meet. 
The  billions  of  rays  from  millions  of  points  of  the  sur¬ 
face  of  the  object  are,  as  it  were,  sifted  out  b^he  law 
of  refraction,  and  each  safely  conveyed  to  i^fcrwn  point 
in  the  image ;  so  that  for  every  radia?^point  of  the 
object  there  is  a  corresponding/bc&Z  £Qmt  in  the  image. 
But  it  is  evident  that  the  screen  n/fTM^e  suitably  placed, 
for  if  it  be  placed  too  near,  at$^ the  rays  have  not 
yet  come  together ;  if  too  faTpat  S"  8",  the  rays  have 
already  met,  crossed,  and  agJSA.  diverged.  In  both  cases 
the  image  will  be  bluira®  ^ 

Observe  :  1.  TIie(J^age  is  inverted.  It  must  be  so, 
because  the  centralWys  of  all  the  pencils  cross  at  a  cer¬ 
tain  point  in  the  lens.  This  is  called  the  nodal  point. 
2.  The  placer  the  receiving  screen  must  be  exactly  at 
the  focah^^ht.  3.  The  size  of  the  image  will  be  to  the 
size  of^he  object  as  their  relative  distances  from  the 
nodal  point.  4.  As  the  object  moves  farther  away,  the 
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image  comes  nearer  to  the  lens  and  becomes  smaller.  5. 
It  is  not  every  lens  that  will  make  a  perfect  image.  The 
lens  must  be  of  suitable  shape. 

Application  to  the  Eye. — In  all  dioptric  instruments 
images  are  formed  in  this  way.  It  is  in  this  way  that 
images  are  formed  in  the  eye.  In  Fig.  8  it  is  seen  that 
the  diverging  pencils,  from  points  A  and  B  of  the  object, 


Fig.  8. 


Diagram  illustrating  the  Formation  of  an  Image.— A  B,  the  object ; 
a  b ,  the  image  ;  r  r,  letina  of  the  normal  eye. 


which  enter  the  pupil,  are  refracted  by  the  lenses  of  the 
eye,  and  if  the  eye  be  normal,  brought  to^focus  on  the 
retinal  screen  at  a  b.  Now,  since  the^&ys  from  every 
intermediate  point  of  the  object  ^^Foe  similarly  fo¬ 
cused,  we  will  have  a  perfect  imagOn  the  object  painted 
on  the  retina.  In  the  same^we  r'  r'  shows  the  posi¬ 
tion  of  the  retina  in  the  ^nyopic  and  rn  r"  in  the  hy¬ 
peropic  eye.  Of  these  de©cts  we  will  speak  more  fully 
hereafter. 

The  fun damenkffjKrat  of  the  existence  of  the  retinal 
image  may  be.p@^ed  in  many  ways  by  observations  on 
the  dead  eye  :VlJ  If  the  eye  of  an  ox  be  'taken  from  the 
socket  andvffle  sclerotic  carefully  removed,  so  that  the 
back  nart^of  the  eye  are  somewhat  transparent,  a  minia- 
ture^mkge  of  the  landscape  may  he  seen  there ;  or,  2. 
Ifs^re  remove  the  eyeball  of  a  white  rabbit,  we  will  find 
^^Qlt,  on  account  of  the  absence  of  black  pigment  in  the 
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choroid  of  these  albinos,  the  transparency  of  the  coats 
of  the  eye  enables  us  to  see  the  image,  even  through  the 
sclerotic,  or  much  more  distinctly  if  the  sclerotic  be  re¬ 
moved  ;  or,  3.  We  may  remove  all  the  coats  of  the  dead 
eye  and  replace  them  by  a  film  of  mica — the  image  will 
be  very  distinct ;  or,  4.  The  image  may  be  seen  in  the 
living  eye  by  means  of  the  ophthalmoscope. 

By  reference  to  the  diagram,  Fig.  8,  it  is  seen  that 
the  central  rays  from  all  radiants  cross  each  other  in  the 
lens.  This  point  of  ray-crossing  is  called  the  nodal 
point .  It  is  a  little  behind  the  center  of  the  lens,  and 
about  0*6  inch  (15  mm.)  in  front  of  the  retina.  The 
size  of  the  retinal  image  is  as  much  smaller  than  the 
object  as  the  former  is  nearer  to  the  nodal  point  than 
the  latter,  and  therefore  for  distant  objects  it  must  be 
extremely  minute. 


CHAPTER  II. 


TIIE  EYE  AS  AN  OPTICAL  INSTRUMENT. 

SECTION  I.— THE  NORMAL  EYE. 

The  further  explanation  of  the  wonderful  mechan¬ 
ism  of  the  eye  is  best  brought  out  by  a  comparison  with 
some  optical  instrument.  We  select  for  this  purpose 
the  photographic  camera.  The  eye  and  the  camera :  the 
one  a  masterpiece  of  Nature’s,  the  other  of  man’s  work. 

We  pass  over,  with  bare  mention,  some  obvious  re¬ 
semblances,  in  which,  however,  the  superiority  of  the 
eye  is  evident:  such,  e.  g.,  as  the  ad^jVirable  arrange¬ 
ment  of  the  lids  for  wiping  and  kodpmg  bright  while 
using,  and  for  covering  when  iio^vki  use ;  also,  the  ad¬ 
mirable  arrangement  of  mugdxSl p"by  which  the  eye  is 
turned  with  the  greatest  ra^lny  and  precision  on  the 
object  to  be  imaged,  so  s*roferior  to  the  cumbrous  move¬ 
ment  of  the  camera  ijgj  the  same  purpose.  We  pass 
over  these  and  m^^)other  minor  points  to  come  at 
once  to  the  maipSgSmts  of  comparison. 

Take,  the^Ttifre  eye  out  of  the  socket — the  dead  eye — 
and  the  canggya  without  its  sensitive  plate — with  only  the 
insensitrf^round-glass  receiving  plate.  They  are  both 
now^srt&e  optical  instruments,  and  nothing  more.  They 
are  o^th  contrived  for  the  same  purpose,  viz.,  the  for¬ 
mation  of  a  perfect  image  on  a  screen  properly  placed. 
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Look  into  the  camera  from  behind,  and  we  see  the 
inverted  image  on  the  ground-glass  plate  ;  look  into  the 
eye  from  behind,  and  we  see  also  an  inverted  image  on 
the  retina.  The  end,  therefore,  is  the  same  in  the  two 
cases.  We  now  proceed  to  show  that  the  means  by 
which  the  end  is  attained  are  also  similar. 

1.  The  camera  is  a  small,  dark  chamber,  open  to 

light  only  in  front,  to  admit  the  light  from  the  object  to 
be  imaged.  It  is  coated  inside  with  lampblack,  so  that 
any  light  from  the  object  to  be  imaged  or  from  other 
objects  which  may  fall  on  the  sides  will  be  quenched, 
and  not  allowed  to  rebound  by  reflection,  and  thus  fall 
on  the  image  and  spoil  it.  X o  light  must  fall  on  the 
image  except  that  which  comes  directly  from  the  object. 
So  the  eye  also  is  a  very  small,  dark  chamber,  open  to 
light  only  in  front,  where  the  light  must  enter  from  the 
object  to  bo  imaged,  and  lined  with  dark  pigment,  to 
quench  the  light  as  soon  as  it  has  done  its  work  of  im¬ 
pressing  its  own  point  of  the  retina,  and  thu&^muvent 
reflection  and  striking  some  other  part,  ancWMis  spoil¬ 
ing  the  image.  . ^ 

2.  Both  camera  and  eye  form  then*j0ages  by  means 
of  a  lens  or  a  system  of  lenses.  The^ianner  in  which 
these  act  in  forming  an  imag&  Iters  already  been  ex¬ 
plained  (page  21).  It  is  precise^the  same  in  both  cases. 
But  lenses  which  form  a  peidEet  image  are  very  difficult 
of  construction.  There@^f  especially,  two  main  im¬ 
perfections  which  mi|0vbe  corrected,  viz.,  chromatism 
and  aberration . 

3.  Correctiemfgf  Chromatism . — In  the  image  formed 
by  a  simple,  (K^iary  lens,  all  the  outlines  of  figures  are 
found  to^jt^lightly  edged  with  rainbow  hues .  If  we 
look  through  such  a  lens  at  an  object,  the  outlines  of 
the  o^^ct  will  be  similarly  edged  with  colors,  especially 
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if  the  object  lie  near  the  margin  of  the  field  of  the 
lens.  This  is  explained  as  follows  : 

Ordinary  sunlight,  as  every  one  knows,  consists  of 
many  colors  mixed  together,  the  mixture  producing  the 
impression  of  white.  If  a  beam  of  sunlight  be  made  to 
pass  through  a  glass  prism,  the  beam  is  bent :  but  more, 
the  different  colors  are  unequally  bent,  so  that  they  are 
separated  and  spread  out  over  a  considerable  space.  This 
colored  space  is  called  the  spectrum.  In  Fig.  9  the 

Fig:  9. 


r-y,  spectrum  :  r,  red;  o,  orange;  yellow;  green;  £>,  blue indigo;  -y,  violet. 

straight  beam,  a  5,  is  bent  by  the  pris^sb  as  to  become 
a  c  d  ;  this  is  called  ref r action.  I^tQS  also  the  different 
colors  are  unequally  bent ;  red  s^Otent  least  and  violet 
most,  the  other  colors  lying^o^ween  these  extremes ; 
thus  they  are  spread  out^oVer  a  considerable  colored 
space.  This  unequal  reaction  is  called  dispersion . 
If  we  look  through  aJpsm  at  objects,  we  will  find  that 
the  outlines  of  ^hdg^Bjects  will  be  edged  with  exactly 
similar  colors^  0?w  all  refraction  is  accompanied  by 
dispersion ;  therefore  a  simple,  uncorrected  lens  always 
dispersesUe^peeially  on  the  edges  where  the  refraction  is 
great^^^4nd,  therefore,  also,  the  images  made  by  such 
a  l^^will  be  edged  with  color.  Thus  the  light  from 
tl^  radiant  a  (Fig.  10\  being  white  light,  is  dispersed  ; 
violet  rays,  being  more  bent,  reach  a  focus  at  a', 
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but  the  red  only  at  a",  the  other  colors  at  intermediate 
points.  There  is,  therefore,  no  place  where  all  the 
rays  from  the  radiant  come  to  a  focus — there  is  no 
common  focal  point  for  the  radiant  a.  The  best  place 


Fig.  10. 


for  the  receiving  screen  would  be  8  S ,  but  even  here 
there  is  no  perfect  focus.  Evidently,  therefore,  the 
conditions  of  a  perfect  image  are  not  fulfilled.  This 
defect  must  be  corrected.  It  is  corrected  in  every  good 
lens. 


In  order  to  understand  how  this  is  done,  it  must  be 
remembered,  first,  that  concave  and  convex  lenses  an¬ 
tagonize,  and,  if  of  equal  refractive  power,  nqtotralize 
each  other.  Therefore,  a  combination  of  a  jiw'me  con¬ 
vex  and  a  double  concave  lens,  if  of  samj^Qaterial  and 
of  equal  curvature,  like  Fig.  11, 

A ,  wjll  produce  no  refraction,  be-^. 
cause  the  refraction  produced 
one  direction  by  the  convex  1(0^ 
is  completely  destroyed  byjgfrac- 
tion  in  the  opposite  du-epO^i  by 
the  concave  lens.  a  com¬ 

bination  will  there^oye  make  no 
image.  In  orddrffcj^at  such  a  combination  should  make 
an  image  at  is  necessary  that  the  convexity  should 
predominafv^er  the  concavity,  as  in  Fig.  11,  B. 
it  mhst  be  remembered  that  dispersion  is  not 
y^Qm  proportion  to  refraction.  Some  substances 


Again, 
alwa^ 
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have  a  higher  refractive  power  and  a  comparatively 
low  dispersive  power,  and  vice  versa .  This  is  the  case 
with  different  kinds  of  glass. 

Now,  suppose  we  select  a  glass  vrith  excess  of  refrac¬ 
tive  over  dispersive  power  for  our  convex  lens,  and  one 
with  excess  of  dispersive  over  refractive  power  for  our 
plano-concave  lens  (Fig.  11,  B ),  and  cement  these  to¬ 
gether  as  a  compound  lens :  it  is  evident  that  these  may 
be  so  related  that  the  plano-concave  lens  shall  entirely 
correct  the  dispersion  of  the  convex  lens  without  neu¬ 
tralizing  its  refraction,  and  therefore  the  combination 
will  be  a  refractive,  but  not  a  dispersive,  lens,  and  there¬ 
fore  will  make  an  image  without  colored  edges.  Such 
a  compound  lens  is  called  achromatic . 

This  is  the  way  in  which  art  makes  achromatic 
lenses,  and  all  good  optical  instruments  have  lenses  thus 
corrected.  Now,  the  lenses  of  the  eye  are  apparently 
corrected  in  a  similar  manner.  The  eye  consists  of 
three  lenses — the  aqueous,  the  crystalling,  and  the  vit¬ 
reous.  These  have  curvatures  of  difi^pnt  kinds  and 
degrees :  the  aqueous  lens  is  convex-^f  front  and  con¬ 
cave  behind  ;  the  crystalline  is  biymvex  ;  the  vitreous 
is  concate  in  front.  As  its  cpnrafc  outer  surface  can  not 
be  regarded  as  a  refracting;sia$ane,  since  this  is  in  direct 
contact  with  the  screen  impressed,  it  may  be  con¬ 
sidered  as  a  plano-coTiOpe  lens.  The  refractive  powers 
of  the  material  of  Ap^e  are  also  different :  that  of  the 
crystalline  bein  greatest,  and  the  aqueous  least.  The 
dispersive  pd^rs  of  these  have  not  been  determined, 
but  theyqtf^bably  differ  in  this  respect  also.  Thus, 
then,  w^Qiave  here  also  a  combination  of  different 
len^Cyf  different  curvatures,  and  different  refractive, 
and  probably  dispersive,  power,  and  for  the  same  pur- 
viz.,  correction  of  chromatism.  It  is  an  interest- 
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in s*  historic  fact  that  the  hint  for  correction  of  chro- 
matism  by  combination  of  lenses  was  taken  from  the 
structure  of  the  eye  by  Euler;and  afterward  carried  out 
successfully  by  Dollond.  That  the  chromatism  of  the 
eye  is  substantially  corrected  is  shown  by  the  complete 
absence  of  colored  edges  of  strongly  illuminated  objects, 
and  the  sharp  definition  of  objects  seen  by  good  eyes. 
By  close  observation  and  refined  methods,  it  has  been 
recently  shown  that  the  chromatism  of  the  eye  is  not 
perfectly  corrected.  It  can  be  observed  if  we  use  only 
the  extreme  colors,  red  and  violet.*  But  the  degree  of 
chromatism  is  so  small  as  not  to  interfere  at  all  with 
the  accuracy  of  vision. 

4.  Aberration. — Another  defect,  much  more  diffi¬ 
cult  to  correct,  is  aberration.  The  form  of  lens  most 
easily  made  has  a  spherical  curvature.  But  in  such  a 
lens  there  is  an  excess  of  refractive  power  in  the  mar¬ 
ginal  portions  as  compared  with  the  central  portions ; 
an  excess  increasing  with  the  distance  from  tho^enter ; 
therefore  the  focal  point  for  marginal  ray^uvhot  the 


Fig.  12. 


same  as  for  the  cenkrrtv*ra 
s,  a 


& 

rays,  but  nearer.  In  Fig.  12 
the  marginal  rays,  a  are  brought  to  a  focus  at 
a",  while  the  central  rays,  a  r,  a  r,  are  brought  to  a 
focus  at  a' .  ^  best  place  for  the  receiving  screen 
would  be^^©  8,  between  these;  but  even  there  the 
image  w^m  not  be  sharp.  In  such  a  lens  there  is  no 
AT 


*  Helmholtz,  “Popular  Lectures,”  p.  216. 
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common  focal  point  for  all  tlie  rays,  and  therefore  the 
conditions  of  perfect  image  are  not  fulfilled — the  image 
is  blurred.  This  defect  must  be  corrected.  It  is  cor¬ 
rected  in  the  best  lenses. 

The  aberration  may  be  greatly  decreased  by  the  use 
of  diaphragms,  which  cut  off  all  but  the  central  rays ; 
but  in  this  case  we  get  distinctness  at  the  expense  of 
brightness.  This  may  be  done  only  when  the  light  is 
very  intense.  Again,  the  aberration  may  be  reduced  by 
using  several  very  flat  lenses,  instead  of  one  thick  lens. 
This  plan  is  used  in  many  instruments.  But  complete 
correction  can  only  be  made  by  increasing  the  refraction 
of  the  central  portions  of  the  lens,  and  this  may  con¬ 
ceivably  be  accomplished  in  two  ways,  viz.,  either  by 
increasing  the  curvature  of  this  part  or  by  increasing 
its  density,  and  therefore  its  refractive  index.  It  is  by 
the  former  method  that  art  makes  the  correction.  By 
mathematical  calculation,  it  is  found  that  the  curve  must 
be  that  of  an  ellipse.  A  lens,  to  make  Wr  feet  image, 
must  not  be  a  segment  of  a  sphere.Jmfc  of  the  end  of 
an  ellipsoid  of  revolution  about  itSMnajor  axis.  It  is 
justly  considered  one  of  the  greatest  triumphs  of  science 
to  have  calculated  the  curve(  and  of  art  to  have  carried 
out  with  success  the  sugge&ion  of  science. 

Art  has  not  been^Jue  to  achieve  success  by  the 
second  method.  It  ^impossible  so  to  graduate  the  in¬ 
creasing  density  ^Sgtass  from  the  surface  to  the  center 
of  a  lens  as  to/3(fcrect  aberration.  Now,  it  is  apparently 
this  seconcUnigthod,  or  perhaps  both,  which  has  been 
adopted  Immature.  The  crystalline  lens  increases  in 
densih^hd  refractive  power  from  surface  to  center,  so 
thafrsjvtnay  be  regarded  as  consisting  of  ideal  concentric 
T^rojrs,  increasing  in  density  and  curvature  until  the 
central  nucleus  is  a  very  dense  and  highly  refractive 
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Fig.  13. 


SHOWING 

tiie  Structure 
of  the  Lens. 


spherule  (Fig.  13).  The  surface  of  the  cornea  has  the 
form  of  an  ellipsoid  of  revolution  about  its  major  axis, 
and  therefore  doubtless  contributes  to  the  same  effect. 
In  looking  at  very  near  objects,  the  con¬ 
traction  of  the  pupil,  also,  by  cutting  off 
marginal  rays,  tends  in  the  same  direction. 

However  the  result  may  be  accomplished, 
whether  by  one  or  by  both  methods,  it  is 
certain  that  in  good  eyes  it  is  nearly  if  not 
completely  achieved,  for  the  clearness  of  sectioT 
vision  is  wholly  conditioned  on  the  sharp¬ 
ness  of  the  retinal  image. 

It  is  probable  that  the  peculiar  structure  of  the  crys¬ 
talline  lens  described  above  has  also  another  important 
use  in  the  lower  animals,  if  not  in  man.  Dr.  Ludi- 
mar  Hermann  *  has  shown  that,  in  a  homogeneous 
lens,  while  the  rays  from  radiants  near  the  middle  of 
the  field  of  view,  i.  e.,  nearly  directly  in  frQAt,  are 
brought  to  a  perfect  focus,  the  rays  from  radMits  situ¬ 
ated  near  the  margins  of  the  field  of  view,As$,  of  very 
oblique  pencils,  are  not  brought  to  a  fMh|>  Therefore 
the  picture  formed  by  such  a  lens  k^drafrnct  in  the  cen¬ 
tral  parts,  but  very  indistinct  on  margins.  How, 
this  defect  of  a  homogeneous  le^y Dr.  Hermann  shows, 
is  entirely  corrected  by  thq0>eculiar  structure  of  the 
crystalline ;  therefore  this-fijjicture  confers  on  the  eye 
the  capacity  of  seeing  d&nnctl y  over  a  wide  field,  with¬ 
out  changing  the  ptf&ijwn  of  the  point  of  sight.  This 
capacity  he  call§  gppiscopism.  W e  will  hereafter,  how¬ 
ever  (page  79b^*ve  reasons  showing  that  this  property 
of  the  crysftdGhe  can  be  of  little  value  to  man . 

5.  Aotyy&tment  for  Light . — The  delicate  work  done 
by  tli^qyjiera  and  by  the  eye  requires  a  proper  regulation 
‘Archives  dcs  Sciences,”  vol.  Ixiii,  p.  66.  1875. 
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of  the  amount  of  light.  In  both,  therefore,  we  want 
some  contrivance  by  which,  when  the  light  is  very  in¬ 
tense,  a  large  portion  may  be  shut  out,  and  when  the 
light  is  feeble,  a  larger  portion  may  be  admitted.  In 
optical  instruments  this  is  done  by  means  of  diaphragms. 
In  the  camera  we  have  brass  caps  with  holes  of  various 
sizes,  which  may  be  changed  and  adapted  to  the  inten¬ 
sity  of  the  light.  In  the  microscope  we  have  a  circular 
metallic  plate,  with  holes  of  various  sizes.  By  revolv¬ 
ing  this  plate  we  bring  a  larger  or  a  smaller  hole  in 
front  of  the  lens. 

In  the  eye  the  same  end  is  reached,  in  a  far  more 
perfect  manner,  by  means  of  the  iris.  The  iris  (F  ig. 


Fig.  14. 


14,  d)  is  q,i£^paque  circular  disk,  with  a  round  hole, 


14,  d)  is  ^rg^paque  circular  disk,  with  a  round  hole, 
the  pupilf^iri  the  middle.  The  circumference  of  the 
d  to  the  sclerotic  at  its  junction 
 be  margin  of  the  circular  hole,  or 


In,  is  free  to  move.  The  disk  itself  is  composed  of 


two  sets  of  contractile  fibers,  viz.,  the  radiating  and  the 
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circular  (Fig.  15).  The  radiating  fibers  converge  from 
the  outer  margin  of  the  iris  as  a  fixed  point,  and  take 
hold  on  the  movable  margin  of  the  pupil,  and,  when 
they  contract,  pull  open  the  pupil  on  every  side,  and 
thus  enlarge  it  (Fig.  15,  B).  The  circular  fibers  are 
concentric  with  the  pupil,  and  are  especially  numerous 
and  strong  near  the  margin,  forming  there  a  band  about 
one-twentieth  of  an  inch  wide.  When  they  contract,  they 
draw  up  the  pupil,  like  a  string  about  the  mouth  of  a  bag, 
and  make  it  small  (Fig.  15,  A).  We  may  regard  the 
radiating  fibers  as  elastic ,  and  as  contracting  passively  by 
elasticity  when  stretched ;  and  the  circular  fibers  as  con¬ 
tracting  actively  under  stimulus,  like  a  muscle.  Further, 
the  circular  fibers  are  in  such  sympathetic  relation  with 
the  retina,  that  a  stimulus  of  any  kind,  but  especially 
its  appropriate  stimulus,  light,  applied  to  the  latter, 
causes  the  former  to  contract,  the  extent  of  the  con¬ 
traction  being  of  course  in  proportion  to  the  intensity 
of  the  light.  If,  therefore,  strong  sunlightyJ^ppresses 
the  retina,  the  circular  fibers  im mediately f<mxract,  the 
pupil  becomes  small,  and  a  large  portion^  the  light  is 
shut  out.  When  the  light  diminishl^yas  in  twilight, 
the  circular  fibers  relax,  the  pre\^o^vy  stretched  radi¬ 
ating  fibers  contract  by  elasticitik|ind  enlarge  the  pupil. 
At  night  the  pupil  enlarges^™  more,  in  order  to  let 
in  as  much  light  as  possible.  Finally,  if  a  solution  of 
belladonna  (which  co^^bfely  paralyzes  the  circular 
fibers)  be  dropped^iiQu  the  eye,  the  pupil  enlarges  so 
that  the  iris  is  redufeeu  to  a  narrow  dark  ring. 

Art,  takin  hint  from  Nature,  and  striving  to 
be  not  outdo(?§pias  recentiy  constructed  for  the  micro¬ 
scope  a  diaphragm  somewhat  on  this  plan,  and  there¬ 
fore  caKea  iris  diaphragm.  It  is  composed  of  many 
vexvWin  metallic  plates,  partly  covering  each  other,  so 
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Fig.  16. 


arranged  as  to  leave  a  polygonal  or  nearly  circular  hole 
in  the  middle,  and  sliding  over  each  other  in  such  wise 
that  by  turning  a  milled  head  in  one  direction  they  all 
move  toward  the  central  point  and  diminish  the  open¬ 
ing,  while  by  turning  in  the  contrary  direction  they  all 
move  away  from  the  center  and  make  the  hole  larger. 
This  is  confessedly  a  beautiful  contrivance,  but  how  in¬ 
ferior  to  the  admirable  work  of  Nature  ! 

But  contraction  of  the  pupil  takes  place  not  only 
under  the  stimulus  of  light,  but  also  in  looking  at  very 
near  objects.  The  purpose  of  this  as  al¬ 
ready  stated  on  page  31,  is,  that  correc¬ 
tion  of  spherical  aberration  is  thus  made 
more  perfect. 

Experiment . — An  interesting  and  at 
the  same  time  amusing  experiment  il¬ 
lustrating  this  point  may  be  made  thus  : 
Stand  in  a  darkish  room.  \Cover  the 
left  eye  with  the  hand,  ^jaze  with  the 
right  eye  at  a  distanrfc^oint,  say  the 
wall,  d .  The  optm/a®es  are  now  nearly 
parallel,  dR ,  d  jfcy^T ell  a  friend  to  ob¬ 
serve  the  pu]\lJor  the  open  eye.  It  is 
probably  gp&jbly  enlarged.  Now,  with¬ 
out  changing  at  all  the  direction  of  the 
line  ojO^ght  or  position  of  the  eye,  run 
th^>oint  of  sight,  from  d,  through  c, 
"and  &,  up  to  a,  within  three  inches  of 
tne  eye.  The  pupil  is  seen  to  contract 
to  the  size  of  a  pinhole.  You  seem  to 
.  -  have  exercised  voluntary  control  over 

the  h^pcles  of  the  iris.  But  not  so.  The  contraction 
rely  consensual,  with  strong  convergence  of  the 
lie  axes.  If  the  other  eye  were  open,  it  would  be 
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seen  to  turn  strongly  inward  toward  the  nose  to  look 
at  a. 

6.  Adjustment  for  Distance — Focal  Adjustment 
Accommodation . — We  have  seen  that  a  lens,  properly 
corrected  for  chromatism  and  aberration,  makes  a  per¬ 
fect  image.  But  the  plate  or  screen  which  receives  the 
image  and  makes  it  visible  must  be  placed  exactly  in 


Fig.  17. 


Diagram  showing  the  Formation  op  a  Lens  Image. 


the  right  place — i.  e.,  in  the  focus — otherwise  the  image 
will  be  blurred.  We  reproduce  here  (Fig.  17)  the  dia¬ 
gram  on  page  21,  showing  this.  It  is  at  onc$^?%n  that, 
if  the  receiving  plate  is  too  near  the  lens-A2>e.,  at  S'  S' 
— the  rays  from  any  radiant  of  the  objecJ>will  not  yet 
have  come  together  at  a  focal  pointScrf  the  receiving 
screen  be  too  far  from  the  lens,  ajp SKS",  then  the  rays 
moving  in  straight  lines  will  lu|fce  already  met,  crossed, 
and  again  spread  out.  It  is  evident  that  there  is  but 
one  place  where  the  imager  perfect,  viz.,  at  the  focal 
points,  S  S.  Now,  ifiN^*place  of  the  image  were  the 
same  for  all  objects  0r  all  distances,  it  would  be  only 
necessary  to  find  mat  place,  and  fix  the  receiving  plate 
immovably  thjbfcp  But  the  place  of  the  image  formed 
by  any  leijsr^mnges  with  every  change  in  the  distance 
of  the  o^wt.  As  the  object  in  front  approaches,  the 
imagoAn  the  other  side  recedes  from  the  lens.  As  the 
ol^Q)  recedes,  the  image  approaches  the  lens.  There- 
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fore  there  must  be  an  adjustment  of  the  instrument  for 
the  distance  of  the  object. 

There  are  only  two  possible  ways  in  which  this  ad¬ 
justment  can  be  made  :  Either  (1),  the  lens  remaining 
unchanged,  the  screen  must  advance  or  recede  with  the 
image,  or  (2),  the  place  of  the  screen  remaining  the 
same,  the  lens  must  be  changed  so  as  always  to  throw 
the  image  on  the  immovable  screen.  The  first  is  the 
mode  of  adjustment  used  in  the  camera,  the  opera- 
glass,  the  field-glass,  and  the  telescope ;  the  second  is 
the  mode  usually  used  in  the  microscope.  In  the  came¬ 
ra,  for  example,  whon  the  object  comes  nearer,  we  draw 
out  the  tube  so  as  to  carry  the  ground-glass  plate  a  little 
farther  back  ;  when  the  object  recedes,  we  slide  up  the 
tube  so  as  to  bring  the  receiving  plate  nearer  the  lens. 
So  in  the  opera-glass  we  elongate  the  tube  for  near  ob¬ 
jects  and  shorten  it  for  more  distant.  In  the  micro¬ 
scope,  on  the  contrary,  the  image  is  usuallvVlirown  to 
the  same  place  in  the  upper  part  of  the  tutors.  ?f,  there¬ 
fore,  the  object  approaches  nearer  the  l&^s^as  it  does  in 
higher  magnification),  we  change  tlie/Mfck  so  as  to  throw 
the  image  to  the  same  place.  r>S* 

How  is  this  managed  in  th<Qjye  ?  It  was  long  be¬ 
lieved  that  the  adjustmenlpkas  on  the  plan  of  the 
camera.  How,  however,  iVknown  that  it  is  rather  on 
the  plan  of  the  micros^pe.  It  was  formerly  thought 
that,  in  looking  at  object,  the  straight  muscles, 

acting  all  together,) squeezed  the  eye  about  the  equa¬ 
torial  belt,  and  increased  its  axial  diameter — in  other 
words,  mactaXFegg-shaped — and  thus  carried  the  retinal 
screen  faiSSSr  back  from  the  lens.  But  now  it  is  known 
that  tl^rbtinal  screen  remains  immovable,  and  the  lens 
changes  its  form  so  as  to  throw  the  image  to  the  same 


THE  EYE  AS  AN  OPTICAL  INSTRUMENT.  37 

Experiment. — This  is  proved  in  the  following  man¬ 
ner  :  A  person  is  chosen  with  good,  normal  young  eyes. 
The  experimenter  stands  in  a  dark  room,  in  front  of 
the  patient,  A,  with  a  lighted  candle  in  his  hand,  a 
little  to  one  side,  as  in  Fig.  18,  (7,  while  his  own  point 

Fig.  18. 

eQ 


A,  eye  observed;  B ,  eye  of  observer;  c ,  section  of  candle-flame;  /,  a  distant  point 
of  sight,  and  n  a  near  point  of  sight.  (After  Helmholtz.) 


of  observation  is  on  the  other  side,  B .  If  the  observer 
now  looks  carefully,  he  will  see  in  the  eye  ofJthe  pa¬ 
tient  three  images  of  the  candle-flame  :  fh^^qne  re¬ 
flected  from  the  surface  of  the  cornea,  win®  is  by  far 
the  brightest  (Fig.  19,  a) ;  second,  onep&bm  the  ante¬ 
rior  surface  of  the  crystalline,  much  i^mrter  (Fig.  19,  V) ; 
third,  one  from  the  posterior  sur^a&Kof  the  crystalline, 
the  faintest  of  all,  and  very  sm&J {c).  Of  course  there 
is  a  fourth  image,  viz.,  that  on rne  retina 
and  which  determines  siAffe.  '  The  three 
images  here  spoken  £>y  reflection 

and  have  nothing  to  ©with  sight.  The 
retinal  image  is  by' ref raction,  and  we 
are  not  here  concerned  with  it.  Fur¬ 
ther,  it  wiU^^oliserved  that  the  first  and 
second  a^^rect  images,  because  reflected  from  a  con¬ 
vex  su^Jface,  wdiile  the  third  is  inverted,  because  reflected 
fi^jiQl  concave  surface.  Now,  directing  the  patient  to 


Fig.  19. 
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gaze  on  vacancy,  or  a  distant  point,/*,  Fig.  18,  we  ob¬ 
serve  carefully  the  position  and  size  of  these  several 
images.  Then,  if  by  request  of  the  observer  the  patient 
transfers  the  point  of  sight  to  a  very  near  point,  n ,  with¬ 
out  changing  the  direction,  we  observe  that  the  images 
a  and  c  do  not  change,  but  the  image  b  changes  its  posi¬ 
tion  and  grows  smaller.  This  image  is  reflected  from 
the  anterior  surface  of  the  crystalline.  The  anterior 
surface  of  the  crystalline,  therefore,  changes  its  form. 


Fig.  20. 


F,  lens  adjusted  to  distant  objects  ;  JV,  to  near  objects  ;  a,  aqueous  humor ;  d, 
ciliary  muscle;  e,  ciliary  process. 

Again,  the  nature  of  the  change  of  the  in^te^viz.,  that 
it  becomes  smaller,  shows  that  this  anjjNjrOr  surface  be¬ 
comes  more  convex.  By  careful  examination  the  iris, 
too,  may  be  seen  to  protriidej(S£ti\e  in  the  middle. 
Evidently,  therefore,  in  adjust^g  the  eve  to  very  near 
objects,  the  crystalline  becareps  thicker  in  the  middle , 
and  pushes  the  pupil  a  J^tle  forward.  In  the  accom¬ 
panying  diagram,  FigJjJk  the  crystalline  lens  is  divided 
by  a  plane  through^j^  center.  The  right  side,  iF,  is 
adapted  to  nea^okfects ;  the  left,  A7,  to  distant  objects. 

Theory  o/LAdyustment. — It  is  certain  that  in  adjust¬ 
ing  the  e}^5or  looking  at  very  near  objects,  the  lens 
becom^swore  convex.  But  the  question,  “  How  is  this 
donel^vns  more  difficult  to  answer.  Helmholtz  thinks 
iti^one  in  the  following  manner :  * 


*  “Optique  Fhysiologiquc,”  p.  150. 
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It  will  be  remembered  that  the  lens  is  invested  by 
a  thin,  transparent  membrane  (lens-capsule),  which  ex¬ 
tends  outward  from  its  edge  as  a  circular  curtain,  and 
is  attached  all  around  to  the  sclerotic,  thus  dividing  the 
interior  of  the  eye  into  two  chambers — the  anterior, 
filled  with  the  aqueous,  and  the  posterior,  with  the  vit¬ 
reous  humor.  It  will  be  remembered,  further,  that  this 
membrane  is  naturally  drawn  tight  by  the  elastic  rigidity 
of  the  sclerotic,  and  presses  gently  on  the  elastic  lens, 
flattening  it  slightly.  This  is  the  normal  passive  con¬ 
dition,  as  when  gazing  at  a  distance.  Now  there  are 
certain  muscular  fibers  (ciliary  muscle,  Fig.  20,  d ) 
which,  arising  from  the  exterior  fixed  border  of  the  iris 
just  where  it  is  attached  to  the  sclerotic,  run  backward, 
radiating,  and  take  hold  upon  the  outer  edge  of  the  lens 
curtain.  When  these  fibers  contract,  they  pull  forward 
the  tense  curtain  to  a  smaller  portion  of  the  globe,  and 
thus  relax  its  tension.  The  relaxing  of  the  tension  of 
the  curtain  relaxes  also  the  pressure  of  th^apfeule  on 
the  lens,  which  therefore  immediately  sw^vbr  thickens 
in  proportion  to  the  degree  of  relaxat^ov^  According 
to  Helmholtz,  then,  we  adjust  the  emk)  near  objects  by 
contraction  of  the  ciliary  muscle.  ntere  are  other  views 
on  this  subject,  but  this  seemw&e  most  probable. 

The  normal  eye  in  a  pqpsvce  state  is  adjusted  to  in¬ 
finitely  distant  objects,  change  of  the  form  of  the 
lens,  it  can  adjust  its&^&tb  all  distances  up  to  about  five 
inches.  The  rangeOf  adjustment  or  of  distinct  vision 
is,  therefore,  wiflim  these  limits.  It  is  only  at  compar¬ 
atively  near  difences,  however,  that  the  change  is  great. 
Between^^fprty  feet  and  infinite  distance  the  adjust¬ 
ment  i^SSjnost  imperceptible. 

^WfJ^probable,  also,  that  there  are  certain  circular  fibers  which,  by  con- 
t^tioh,  draw  together  the  lens  curtain  and  thus  relax  the  capsule.  (Fuchs.) 
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We  see,  then,  that  the  mode  of  adjustment  of  the 
eye  is  somewhat  like  that  of  the  microscope — i.  e.,  the 
change  is  in  the  lens,  not  in  the  position  of  the  receiv¬ 
ing  screen.  Like  the  microscope,  hut  how  infinitely 
superior !  The  microscope  has  its  four-inch  lens,  its 
two-inch  lens,  its  one-incli  lens,  its  half -inch  lens,  its 
quarter-inch,  its  tenth-inch,  and  even  its  fiftieth-inch 
lens.  It  changes  one  for  another,  according  to  the  dis¬ 
tance  of  the  object.  But  the  eye  changes  its  one  lens , 
and  makes  it  a  five-inch  lens,  a  foot  lens,  a  twenty -foot 
lens,  a  mile  lens,  or  a  million-mile  lens  ;  for  at  all  these 
distances  it  makes  a  perfect  image. 


SECTION  II.— THE  ABNORMAL  EYE,  OR  DEFECTS  OF  THE 
EYE  AS  AN  INSTRUMENT. 

In  the  preceding  section  we  have  jm^mpted  to 
bring  out,  in  a  clear  and  intelligible  foiumftlie  beautiful 
structure  of  the  eye,  by  comparing  il\Vith  the  camera 
and  showing  its  superiority.  BuL0^r  eye  of  which  we 
have  been  speaking  is  the  nom^jjbr  perfect  eye.  This 
normal  condition  is  called  efmSietrojpy .  The  eye,  how¬ 
ever,  is  not  always  a  pe^ct  instrument.  There  are 
certain  defects  of  the^rc  which  are  quite  common. 
The  principles  invow|er  in  the  construction  of  the  nor¬ 
mal  eye  may  b^jpl  further  enforced  and  illustrated 
by  an  explanation  of  these  defects.  Let  it  be  observed, 
however,  tliidNfcKese  defects  must  not  be  regarded  as  the 
result  dhfimperfect  work  on  the  part  of  Nature,  but 
rathei^$he  effects  of  misuse  of  the  eye,  accumulated 
bv  inheritance  for  many  generations.  They  do  not 
cmr  in  animals,  nor  in  the  same  degree  in  savage 
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races  ;  and  most  of  them  are  also  very  rare  in  persons 
living  for  many  generations  in  the  country. 

Emmetropy ,  or  Normal  Sight. — The  normal  or 
emmetropic  eye  adjusts  itself  perfectly  for  all  distances, 
from  about  five  inches  to  infinity.  It  makes  a  perfect 
image  of  objects  at  all  these  distances.  This  is  called 
its  range  of  distinct  vision.  It  has  hut  one  limit,  viz., 
the  nearer  limit  of  five  inches.  Now  in  the  passive 
state  of  the  eye,  as,  for  instance,  in  gazing  on  vacancy, 
or  when  the  eye  is  taken  out  of  the  socket  as  a  dead  in¬ 
strument,  it  is  prearranged  for  perfect  image  of  objects 
at  an  infinite  distance.  Its  focus  of  parallel  rays  in  a 
passive  state  is  on  the  retina.  For  all  nearer  objects,  a 
voluntary  effort  is  necessary  to  throw  the  image  on  the 
retina,  which  effort  is  greater  as  the  object  is  nearer, 
until  it  is  limited  at  the  distance  of  about  five  inches. 
The  normal  eye,  therefore,  is  like  a  camera,  which, 
when  pushed  up  as  much  as  possible,  is  arrayed  for 
making  a  perfect  image  of  sun,  or  moon,^fr*^  ^distant 
landscape,  but  can  by  drawing  the  tube  ^vadjusted  to 
shorter  and  shorter  distances  up  to  iches,  but  not 

nearer.  This  is  the  standard.  considerable  de¬ 

parture  from  this  is  a  defect.  /  vJ 

The  most  important  defqjgp  are  myopy ,  hyperopy , 
presbyopy ,  and  astigmatistffo 

1.  Myopy.— The  myopp  eye  is  not  prearranged  for 
perfect  image  of  di^^^objects.  Its  focus  for  distant 
objects  (focus  of  |mMlel  rays)  is  not  on  the  retina,  but 
in  front  of  itH  qjlie  refractive  power  of  the  lenses  in 
their  passivq^feate  is  too  great,  or  else  the  receiving 
screen  may  be  regarded  as  too  far  back  from 

the  lens^iz.,  at  S"  S\  Fig.  7,  page  21.  The  rays  (Fig. 
8,  22,  r")  have  already  reached  focus,  crossed,  and 

am  spread  out  before  they  reach  the  retina.  An 
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object  mast  be  brought  much  nearer  before  its  perfect 
image  will  be  thrown  on  the  retina.  Within  this  far¬ 
ther  limit  of  perfect  image,  however,  it  has  its  own 
range  of  adjustment,  like  the  normal  eye.  The  range 
of  the  normal  eye  is  from  infinite  distance  to  five  inches. 
In  the  myopic  eye  the  range  may  be  from  a  yard  to 
four  inches,  or  from  a  foot  to  three  inches, ,  or  from  six 
inches  to  two  inches,  or  even  from  three  inches  to  one 
inch,  according  to  the  degree  of  myopy.  The  amount  of 
ocular  adjustment  or  change  in  the  lens  to  effect  these 
ranges  is  as  great  as  for  the  normal  range  from  infinite 
distance  to  five  inches,  but  the  latter  is  a  far  more  use¬ 
ful  range.  The  myopic  eye,  therefore,  is  like  a  camera 
which  was  never  intended  to  be  used  for  taking  distant 
objects,  and  which,  therefore,  when  shortened  to  the 
greatest  degree,  is  still  too  long  in  the  chamber  for 
distant  objects,  but  is  adapted  only  for  near  objects 
within  a  certain  limited  range.  /A 

It  is  evident,  then,  that,  the  defect  £0  he  myopic 
eye  being  too  great  refractive  power  ^^the  lens  in  a 
passive  state,  this  defect  may  be  renV^ed  by  the  use  of 
concave  glasses,  with  concavity  irn&Qfiifficient  to  correct 
the  excess  of  refractive  powef^arrd  therefore  to  throw 
the  image  of  distant  objects  Ock  to  the  retinal  screen 
in  the  passive  state  of  Am*  eye.  The  eye  then  adjusts 
itself  to  all  nearer  di^Tnfcs^,  and  becomes  in  all  respects 
a  normal  eye.  the  nature  of  the  defect  (struc¬ 

tural  defect),  it  {^pvident  that  the  glasses  must  be  worn 
habitually. 

2.  Hyperiptropy — Hyperopy — oversightedness. — Hy- 

peropV&^ie  opposite  of  myopy.  Like  the  latter,  it  is 
a  stmefchral  defect,  but  in  the  opposite  direction.  In 
th^y^se  the  lens  is  not  sufficiently  refractive  for  the 
^yigth  of  the  chamber,  or  the  receiving  screen  is  too 
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near  (at  S'  S',  Fig.  Y,  or  r',  Fig.  8)  for  the  refractive 
power  of  the  lens.  Therefore  the  focus  of  parallel  rays 
is  behind  the  retina  in  a,  passive  state  of  the  eye.  The 
hypermetropic  eye  when  young  usually  sees  well  at  a  dis¬ 
tance,  but  not  very  near  at  hand,  and  therefore  it  is  apt 
to  be  confounded  with  slight  presbyopy.  The  reason  is, 
that  a  slight  adjustment  adapts  the  eye  for  perfect  reti¬ 
nal  image  of  distant  objects  ;  but  the  near  limit  of  its 
range  of  adjustment  is  somewhat  farther  off  than  in  the 
normal.  When,  however,  the  hypermetropic  eye  loses 
its  power  of  adjustment  with  age,  then  even  distant 
objects  can  not  be  seen  distinctly.  Such  persons,  there¬ 
fore,  while  young,  should  habitually  wear  slightly  con¬ 
vex  glasses,  which  make  their  eyes  normal.  When  they 
grow  old  they  are  compelled  to  have  two  pairs  of 
glasses ,  one  for  distant  objects  and  one  for  near  ob¬ 
jects  ;  one  for  walking  and  one  for  reading.  The  hy¬ 
permetropic  eye  may  be  compared  to  a  camqrAwhich, 
when  entirely  pushed  up,  is  too  short  for  imaging 
of  any  objects  whatever.  By  drawing  tl^Qtnibe,  it  may 
be  adjusted  for  distant  objects,  but  for  near  ob¬ 
jects.  This  defect  is  very  commou^  and  is  peculiarly 
distressing.  The  eye  never  re^s^mt  is  always  under 
the  strain  of  accommodation  e^l  for  distant  objects. 

3.  Presbyopy,  or  Old-sighteclness. — This  defect  is  often 
called  long -sighteclnes^d&far sightedness  /  but  this  is 
a  misnomer,  based  oiy^vmsconeeption  of  its  true  nature. 
It  is  obviously  in(pc^ible  to  have  an  eye  more  long¬ 
sighted  than  fl^normal  eye,  for  this  defines  with  per¬ 
fect  distinctn^i^  the  most  distant  objects,  such  as  the 
moon  oi^hms  sun  when  the  dazzling  effect  is  prevented 
by  smok^  glass.  It  is  usually  regarded  as  a  defect  the 
rev^&^pf  near-sightedness.  As  near-sightedness  is  the 
rdfeulc  of  too  great  refractive  power  in  a  passive  condi- 
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tion,  so  this  is  supposed  to  be  a  too  small  refractive 
power  in  the  same  condition.  As  the  myopic  eye  throws 
the  focus  of  parallel  rays  in  front  of  the  retina,  so  it  is 
supposed  the  presbyopic  eye  throws  the  focus  of  par¬ 
allel  rays  behind  the  retina,  because  the  retina  is  too 
near  the  lens,  at  S'  S\  Fig.  7,  page  21.  It  is  further 
supposed  that  the  change  which  takes  place  with  age  is 
a  flattening,  and  therefore  a  loss  of  refractive  power,  of 
the  lenses  of  the  eye.  It  is  constantly  asserted,  there¬ 
fore,  that  the  myopic  eye  may  be  expected  to  become 
normal  with  age. 

Now  this  view  of  the  nature  of  presbyopy  is  wholly 
wrong.  The  presbyopic  eye  sees  distant  objects  per¬ 
fectly  well,  and  precisely  like  the  normal  eye.  Its  pas¬ 
sive  structure  is  therefore  unaltered .  It  makes  a  per¬ 
fect  image  of  distant  objects  on  the  retina,  like  the 
normal  eye.  Its  focus  of  parallel  rays  is  on  the  retina, 
not  behind  it.  It  is  therefore  normal  iii/dls  passive 
state,  or  in  its  structure.  The  defect,  tlx^fcre,  consists 
not  in  a  change  of  the  structure  which  <jj^ginally  adapted 
it  to  the  imaging  of  distant  objects^ht  in  the  loss  of 
power  to  ad  fist  for  near  objeafaQ And  this  loss  of  ad¬ 
justing  power  is,  again,  prol^aWy  the  result  of  loss  of 
the  elasticity  of  the  crystf^Jne  lens.  In  the  normal 
young  eye,  when  the  dfi|ry  muscle  pulls  forward  the 
lens  curtain,  and  tlpi^&Qxes  its  tension,  the  lens  by  its 
elasticity  swells  ainMuckens,  and  becomes  more  refract¬ 
ive.  In  the  p(w5yopic  eye,  the  ciliary  muscle  pulls, 
and  the  cuut^  or  capsule  relaxes  its  tension,  in  vain  ; 
the  lens,  jEj  want  of  elasticity,  does  not  swell  out. 
Ther^£*^srthe  remedy  for  presbyopy  is  the  use  of  con¬ 
vex  gasses,  not  habitually ,  not  in  looking  at  distant 
qMpjts,  but  only  in  looking  at  or  imaging  near  objects. 

^Tne  putting  on  of  convex  glasses  does  not  make  the 
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presbyopic  eye  normal,  as  the  use  of  concave  glasses 
makes  the  myopic  eye,  or  convex  glasses  the  hyperopic 
eye  ;  therefore  they  cannot  be  worn  habitually.  In 
looking  at  near  objects,  it  uses  glasses ;  in  looking  at 
distant  objects,  the  glasses  are  removed.  Myopy  is  a 
structural  defect ;  presbyopy  is  a  functional  defect. 

One  is  a  defect  of  prearrangement  of  the  instrument ; 
the  other  is  a  loss  of  power  to  adjust  the  instrument. 

To  compare  with  the  camera  again :  the  presbyopic  eye 
is  like  a  camera  which  was  originally  arranged  for  dis¬ 
tant  objects,  and' by  drawing  the  tube  could  be  adjusted 
for  near  objects  also,  but,  through  age  and  misuse  and 
rust,  the  draw-tube  has  become  so  stiff  that  the  appa¬ 
ratus  for  adjustment  no  longer  works.  It  still  operates 
well  for  distant  objects,  but  can  not  be  adjusted  for 
nearer  objects.  If  we  desire  to  image  a  near  object  in 
such  a  camera,  obviously  we  must  supplement  its  lens 
with  another  convex  lens. 

From  what  has  been  said  it  is  evident  ffi&^tlie  my¬ 
opic  eye  does  not  improve  with  age,  and^reuly  become 
normal,  as  many  suppose.  Myopic  p^©ns  continue  to 
wear  glasses  of  the  same  curvature^dSTsixty  or  seventy 
years  of  age.  I  have  never  km>Wr  a  strongly  myopic 
person  who  discontinued  the  of  glasses  as  he  grew 
older.  The  same  changej (JJ^wever,  takes  place  in  the 
myopic  as  in  the  normal  eye — i.  e.,  the  loss  of  adjust¬ 
ment.  In  all  young  eresthere  is  a  range  of  adjustment 
between  a  nearer  |nd  a  farther  limit ;  in  the  normal  eye 
it  is  between  inches,  near  limit,  and  infinite  dis¬ 
tance,  the  farther  limit  (if  limit  it  can  be  called) ;  in 
the  myopfexVe  the  nearer  limit  may  be  two  inches,  the 
farther  ft^mt  four  inches,  or  it  may  be  between  three 
and  six  inches,  or  four  inches  and  one  foot,  according 
to  the  degree  of  myopy.  Now,  with  advancing  age, 
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the  nearer  limit — i.  e.,  the  limit  of  adjustment — recedes. 
In  the  normal  eye  it  is  first  eight  inches,  then  one  foot, 
then  three  feet,  etc.,  until,  when  adjustment  is  entirely 
lost,  it  reaches  the  farther  limit,  and  there  is  but  one 
distance  of  distinct  vision  ;  but  the  farther  limit — i.  e., 
structural  limit,  does  not  change.  So  also  in  the  my¬ 
opic  eye,  with  advancing  age,  the  nearer  limit  or  limit 
of  adjustment  recedes,  but  not  the  farther  limit  or 
structural  limit.  This  remains  the  same.  But,  as  this 
was  always  too  near  for  useful  vision,  glasses  must  still 
be  worn.  The  same  glasses,  however,  will  no  longer 
do  for  all  distances.  An  old  myopic  speaker  will  lift 
up  his  glasses  to  read  his  notes.  Thus  it  is  evident  that 
myopy  and  presbyopy  may  exist  in  the  same  individual. 

In  extreme  old  age,  when  the  tissues  begin  to  break 
down,  it  is  probable  that  some  flattening  of  the  eye  may 
take  place.  To  such  persons  it  would  be  necessary  to 
wear  weak  convex  glasses,  even  for  distant  objects. 
But  this  is  not  ordinary  presbyopy.  In  it  is  prob¬ 
able  that  in  most  of  such  cases  thei^^as  been  slight 
liyperopy.  There  is  another  possb^Obxplanation,  how¬ 
ever,  viz.,  a  progressive  flattened©  of  the  lens  by  age, 
but  corrected  by  steeommodation,  until  at 

last  the  lens  becomes  too  flaj|jb  be  accommodated  even 
for  distant  objects,  and^erefore  two  glasses  must  be 

U3ed-  <c&> 

4.  Astigmatism— Dim-sightedness. — In  all  the  other 
defects  there  i^cle'ar  sight  at  some  distance,  although 
it  may  not^lj^a  convenient  distance.  In  this  there  is 
no  perfectfipage,  and  therefore  no  clear  sight  at  any 
distan^xHn  the  perfect  eye,  and  also  in  the  cases  of 
impeiqpht  eye  thus  far  explained,  the  form  of  the  lenses 
is  that  of  a  spheroid  of  revolution  about  the  visual  axis 
y-^flie  curvature  and  the  refraction  is  the  same  in  all 
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directions — i.  e.,  on  all  meridians.  This  is  necessary  in 
order  to  bring  all  the  rays  from  any  radiant  to  a  single 
focal  point.  But  eyes  are  found  in  which  the  horizon¬ 
tal  curvature  of  the  cornea  or  of  the  lens,  or  of  both,  is 
different  from  the  vertical  curvature — the  curvature  is 
ellipsoid,  with  long  diameter  at  right  angles  to  the  optic 
axis.  Such  eyes  are  said  to  be  astigmatic,  because  the 
rays  from  any  radiant  are  brought,  not  to  a  single  focal 
point ,  but  to  two  focal  lines,  a  horizontal  and  a  vertical, 
which  are  shorter  or  longer,  and  at  a  less  or  greater  dis¬ 
tance  apart,  according  to  the  degree  of  astigmatism.  A 
slight  astigmatism  is  very  common,  and  often  exists  un¬ 
known  to  the  subject. 

Test  for  Astigynatism . — This  defect  may  be  detected 


by  looking  at  a  cross  of  considerable  size 


If 


the  eye  is  astigmatic,  the  vertical  and  horizontal  lines 
are  not  equally  distinct  at  every  distance.  AfeA  certain 
distance  the  vertical,  and  at  another  the  hosshnta],  line 
is  most  distinct. 

Explanation. — The  cause  of  thi^Jpfect  is  difficult 
to  explain  in  popular  language .^  JQnave  used  the  fol¬ 
lowing  method  in  my  classes.  (>  Observe  :  1.  In  a  perfect 
lens,  with  curvature  equal  in  tfjjVlirections,  the  emergent 
pencil  of  all  the  rays  from  jingle  radiant  is  a  cone  with 
apex  at  the  focus.  Tlu^O^ccessive  sections  of  this  cone 
will  be  circles  growi^Smaller  until  it  becomes  a  point 
at  the  focus.  Bbyond  this  the  circle  again  enlarges 
without  limit. ^Tnis  is  one  extreme.  2.  In  a  cylin¬ 
drical  lens,  which  there  is  no  curvature  at  all  in 
one  dirm JjGV,  the  emergent  beam  will  be  a  wedge ,  sec¬ 
tions  d^wliich  will  be  a  parallelogram  becoming  nar¬ 
rowband  narrower  until  it  becomes  &  focal  line  as  long 
as  Hre  cylinder  if  the  radiant  is  a  distant  one.  This  is 
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the  other  extreme.  3.  Now,  the  lens  of  an  astigmatic 
eye  is  neither  a  lens  of  equal  curvature  in  all  directions 
on  the  one  hand,  nor  a  cylindrical  lens  on  the  other,  but 
a  mean  between  these  extremes.  Its  emergent  beam  is 
a  complex  solid,  the  successive  sections  of  which  are 
shown  in  Fig.  21,  B.  As  it  would  be  difficult  to  repre¬ 
sent  this  solid  except  by  a  model,  I  have  taken  from 
the  whole  emergent  beam  two  planes  of  rays,  a  vertical 
and  a  horizontal.  Supposing  the  vertical  curvature  the 
greatest  (the  most  usual  case),  the  vertical  plane  of  rays 
a  h  will  meet  and  cross  at  /  (Fig.  21,  A\  while  those  of 
the  horizontal  plane  c  d  will  meet  at  some  more  distant 
point,  f' .  Now,  since  the  rays  of  the  vertical  plane  will 
meet  and  cross  at  f9  while  those  of  the  horizontal  plane 
have  not  yet  come  together,  it  is  evident  that  the.  sec- 


Fig.  21. 


Diagram  showing  the  Form  op  the  S^bAL  Cone  in  Tns  Astigmatic  Eye 

2) 
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tion  of  the  emergenM^m  here  will  be  a  horizontal 
line .  On  the  otlua^Eand,  since  the  horizontals  cross 
at  but  the  ^erpcals  have  already  crossed  and  again 
spread  into*  ^yotane,  the  section  here  of  the  emergent 
beam  will  vertical  line . 

For^Eh  sake  of  simplicity  I  have  taken  only  two 
rectangular  planes  of  rays.  If,  now,  we  consider  all  the 
raymthe  form  of  the  solid  emergent  beam  is  shown  by 
^thferseries  of  sections  beneath  (Fig.  21,  B),  and  the  cross 
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in  each  section  is  the  corresponding  section  of  the  rec¬ 
tangular  planes.  It  will  he  seen  that  the  beam,  at  first 
circular  or  nearly  so,  flattens  more  and  more  until  it 
becomes  a  horizontal  plane  at  f\  then  it  becomes  more 
and  more  elliptical  until  its  section  is  a  small  circle 
at  f"  ;  then  it  flattens  horizontally  and  elongates  verti¬ 
cally  until  it  becomes  a  vertical  plane  at  f' ;  and  then 
finally  it  thickens  again  and  at  the  same  time  enlarges 
indefinitely. 

Application  to  the  Test . — In  looking  at  the  test 
cross ,  the  horizontal  line  of  the  cross  would  be  seen 
perfectly  distinctly  at  tf,  because  there  is  there  no  ver¬ 
tical  blurring ,  but  only  horizontal.  This  would  not 
affect  visibly  the  horizontal,  but  would  render  the  ver¬ 
tical  line  very  indistinct.  At  the  distance  on  the  con¬ 
trary,  there  is  no  horizontal  blurring,  but  only  vertical. 
The  vertical  line  therefore  would  be  very  distinct,  and 
the  horizontal  indistinct.  At  f'\  the  two  lin^are  seen 
equally  well,  but  neither  of  them  quite  di^^tly. 

The  Remedy . — In  a  general  way  w^iiiay  say  that 
the  defect  is  remedied  by  the  use  ofyiQ^e  or  less  cylin¬ 
drical  lenses  adapted  to  the  khadG^iS  degree  of  astig¬ 
matism.  To  take  one  simplest  case :  Suppose  the  hori¬ 
zontal  curvature  is  normal,  bhtyhe  vertical  curvature  too 
great :  then  the  glasses  m@t  be  plane  horizontally  and 
concave  vertically. 


CHAPTER  III. 


EXPLANATION  OF  PHENOMENA  OF  MONOCULAR  VISION. 


SECTION  I.— STRUCTURE  OF  THE  RETINA. 

We  have  thus  far  treated  of  the  eye,  and  compared 
it  with  the  camera,  purely  as  an  optical  instrument,  con¬ 
trived  to  form  an  image  upon  a  receiving  screen  suit¬ 
ably  placed.  We  have  also  treated  of  the  defects  of 
the  eye,  as  much  as  possible,  from  the  ssu<u*\physical 
point  of  view  as  defects  of  an  instrumeut^jBut  in  both 
the  camera  and  the  eye  the  image  ig^Chuy  a  means  to 
accomplish  a  higher  purpose,  vizXj^6  make  a  photo¬ 
graphic  picture  in  the  one  case  illTsWo  accomplish  vision 
in  the  other.  We  have  thij^ntr  spoken  as  much  as 
possible  only  of  an  insensitQk  screen,  the  ground-glass 
plate  in  the  one  case  arufcaflie  dead  retina  in  the  other. 
But  in  both,  when  ^tfwTmplishing  their  real  work,  we 
have  a  sensitive  in  which  wonderful  changes 

take  place,  viz.(Q)e  iodized  plate  in  the  one  and  the 
living  retina  (fe  the  other.  In  order  to  understand  the 
real  functh@of  the  eye  in  the  living  animal,  it  is  neces¬ 
sary  tbjh&ve  study  the  structure  and  functions  of  the 
retiTutK" 

Structure  of  the  Retina— The  retina,  as  already 
Xjtafed,  page  15,  is  a  thin  membranous  expansion  of  the 
^  50 
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optic  nerve.  These  nerves,  arising  from  tlie  optic  lobes 
and  the  tlialumus,  appear  first  beneath  the  base  of  the 
brain  as  the  optic  roots,  r  Fig.  22,  converge,  unite, 
and  partially  cross  their  fibers  at  the  optic  chiasm,  eh  ; 
then,  again  diverging,  enter  the  conical  eye-sockets  a  lit¬ 
tle  to  the  interior  of  their  points ;  then  pass  through  the 
midst  of  the  fatty  cushion  behind  the  eye,  surrounded 


Fig.  22. 


A  View  of  tite  Two  Eye^.  witi 
roots  :  n  and  n'  riglj 


Nerves—  ch,  optic  chiasm;  r  r\  nerve- 
optic  nerves.  (After  Helmholtz.) 


by  the  divergin^jS^ti  muscles,  and  finally  penetrate 
the  sclerotic  <a<£&  point  about  one  eighth  of  an  inch  to 
the  inside  axes ;  then  spread  out  all  over  the 

interio^b&uhe  ball  as  an  innermost  coat,  immediately 
in  coiT^t  with  the  vitreous  humor,  and  extend  as  far 
as  the  ciliary  processes,  or  nearly  to  the  iris, 
^he  wide  extent  of  this  expansion  and  its  hollow  con- 
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cave  form  are  necessary  to  give  wideness  to  the  field  of 
view.  By  this  means  rays  from  objects,  not  only  in 
front  but  far  to  the  right  and  left,  above  and  below, 
fall  upon  and  impress  the  retina.  The  union  of  the 
two  optic  nerves  at  the  chiasm  is  undoubtedly  connected 
in  some  way  with  the  wonderful  co-ordinate  action  of 
the  two  eyes  in  every  voluntary  act  of  sight. 

The  thickness  of  this  nervons  expansion  is  about 
one  hundredth  of  an  inch,  or  about  the  thickness  of 
thin  cardboard,  at  the  bottom  of  the  concavity  where  it 
is  thickest,  but  thins  to  one  half  that  amount  on  the 
anterior  margins ;  yet,  under  the  microscope,  a  section 


Fig.  23. 


f 
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through  the  thicknei^gjhws  that  it  is  very  complex  in 
its  structure,  beingC&bmposed  of  several  very  distinct 
layers.  We  m^Jmst  represent  it  on  a  smaller  scale  of 
enlargement  composed  of  three  principal  layers  : 
First,  the  ^B'brmost  layer,  f,  Fig.  23,  in  contact  with 
the  vifa&Ks  humor,  V,  is  composed  wholly  of  fine  inter¬ 
laced  lepers  of  the  optic  nerve.  This  nerve,  o,  is  seen 
t^ffimrce  the  sclerotic  and  the  other  layers  of  the  retina, 
ana  then  to  spread  out  as  an  innermost  layer.  This  is 


STRUCTURE  OF  THE  RETINA. 


53 


is  called  the  fibrous  layer .  Second,  outermost  of  all, 
and  therefore  in  contact  with  the  choroid,  <?A,  is  a  re¬ 
markable  layer,  composed  of  cylindrical  rods,  like  pen- 


Fig.  T4. 


Enlarged  section  of  Retina  (after  Schultze). — A,  general  view;  B ,  nervous 
ele^B^.s;  a.  bacillary  layer;  b ,  interior  limit  of  this  layer;  c,  external  nuclear 
.  la^e);  tl,  external  granular  layer;  e.  internal  nuclear  layer;  /,  internal  granular 
(\ayer;  g,  ganglionic  layer;  h,  fibrous  layer,  consisting  of  fibers  of  optic  nerve. 
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cils  set  on  end.  This  is  called  the  bacillary  layer  {ba- 
cillum ,  a  small  rod),  or  layer  of  rods,  b .  Third,  between 
these  is  found  a  layer  composed  of  granules  and  nucle¬ 
ated  cells,  g.  This  may  be  called  for  the  present  the 
granular  and  nuclear  layer. 

Further,  it  will  be  seen  that  these  layers  exist,  all 
three,  in  every  part  of  the  retina  except  two  spots. 
These  are  the  spots  where  the  optic  nerve,  0,  enters, 
and  the  central  spot,  c ,  wdiich  is  in  the  axis  of  the  eye. 
Where  the  optic  nerve  enters,  of  course,  no  other  layer 
can  exist  except  the  fibrous  layer.  In  the  central  spot 
the  fibrous  layer  is  wholly  wanting,  and  the  granular 
and  nuclear  layer  is  almost  wanting,  so  that  the  retina 
is  here  almost  reduced  to  the  bacillary  layer.  For  this 
reason  this  spot  forms  a  depression  in  the  retina,  and 
is  often  called  the  fovea  or  pit. 

But  the  extreme  importance  of  the  retina  requires 
that  these  layers  be  examined  more  closelraQ^or  this 
a  much  greater  enlargement  is  necessary^OTig.  24  rep¬ 
resents  such  enlargement.  The  fibrou§4|!yer,  A,  requires 
no  further  description  ;  but  the  grapilar  and  nuclear 
layer  is  seen  to  be  composed  rffwo  distinct  layers  of 
small  granules,  d  and/,  and  ^wtfTayers  of  large  nucle¬ 
ated  cells,  c  and  0,  and  a  lay©  of  very  large  nucleolated 
cells,  g ,  from  which  go  odpbranching  fibers.  These  are 
multipolar  cells,  or It  is  further  seen  that  the 
bacillary  layer  is  tfxfc^osed  of  two  kinds  of  elements, 
slender  rical  rods  and  larger  but  shorter 
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conelike  bothfe.  These  are  called  rods  and  cones.  It 
is  seen,  sti^Ourther  (Fig.  24,  B),  that  all  these  different 
elemeiKSyot  the  retina  are  in  continuous  connection 
functionally,  if  not  physically,  with  each  other,  and  with 
tte^%>ers  of  the  optic  nerve.  They  must  be  regarded, 
^Jierefore,  as  nerve-fiber  terminals. 
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The  bacillary  layer  is  of  the  extremest  interest.  It 
consists  mostly  of  rods,  but  among  these  are  distributed 
the  larger  cones,  as  in  Fig.  25,  A.  On  the  extreme 
anterior  margin  of  the  retina  there  are  no  cones,  but 
only  rods.  On  the  general  surface  the  rods  are  more 
numerous  than  the  cones  (Fig.  25,  A ).  As  we  approach 
the  central  spot  the  cones  become  more  numerous,  as 
seen  in  B.  In  the  depression  of  the  central  spot  (fovea 
centralis)  we  find  only  cones,  and  these  are  of  much 
smaller  size  than  those  in  other  parts  of  the  retina,  as 


Fio.  25. 


B 


Bacillary  Layer,  viewed  prom  the  Outside  Surface. — A,  appearance  of 
usual  surface;  B ,  appearance  of  surface  of  the  raised  margin  of  central  spot; 
(7,  surface  of  central  spot. 


seen  in  C.  The  rods  are  about  yly  inch  i^sCn^th  and 
TTxnnr  inch  diameter.  The  cones  shorter  and 
about  three  times  thicker  than  the  except  in  the 
central  depression,  where  they  are^Sany  as  small  as  the 
rods,  being  there  only  yyVrr  t<>  inch  in  diameter. 

In  this  spot,  therefore,  there  0^  probably  no  less  than 
one  million  cones  in  a  squq0  y1^  inch. 

Distinctive  Function  A.O^the  Layers, — As  the  distinc¬ 
tive  functions  of  th&^&Sveral  sub-layers  of  the  middle 
layer  (granular  a rfd  jhriclear)  are  unknown,  we  will  treat 
of  only  the  thyc^layers — inner,  middle,  and  outer.  The 
outer  layer  ^r°  Is  and  cones  (bacillary)  is  undoubt¬ 
edly  the  receptive  layer,  which  corresponds  to  the 
iodized of  the  sensitized  plate  of  the  camera.  These 
ro^s^nd  cones  receive  and  respond  to  the  vibrations  of 
W  ;  they  co -vibrate  with  the  undulations  of  the  ether. 
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The  inner  or  fibrous  layer  conducts  the  received  im¬ 
pression  to  the  optic  nerve ;  for  each  rod  and  cone  is 
connected  by  a  slender  thread,  continuous  with  nucle¬ 
ated  cells  of  the  granular  layer  and  a  fiber  of  the  fibrous 
layer.  The  fibrous  layer  may,  in  fact,  be  regarded  as  a 
layer  of  conducting  threads  coming  from  the  rods  and 
cones,  which  threads  are  then  gathered  into  a  cord  or 
cable,  the  optic  nerve,  which  in  its  turn  finally  conducts 
the  impression  to  the  brain.  The  function  of  the  mid¬ 
dle  layer  is  more  obscure  ;  but  nucleated  nerve-cells, 
and  especially  multipolar  cells,  are  always  generators  or 
originators  of  nerve-force.  They  evidently  have  an 
important  function.  They  probably  act  as  little  nerve- 
centers  ;  and  many  unconscious,  involuntary,  or  reflex 
acts  of  vision  are  probably  performed  by  their  means, 
without  referring  the  sensation  to  the  brain. 

The  manner  in  which  the  whole  apparatus  operates 
is  briefly  as  follows  :  The  light  penetrates  ^tfrc^igh  the 
retina  until  it  reaches  the  outer  layer  of  r^  and  cones. 
These  are  specially  organized  to  respcmjjOo  or  co-vibrate 
with  the  undulations  of  light.  Twse  vibrations  are 
carried  through  the  connectin^prfS^ads  to  the  fibrous 
layer,  then  through  the  fibeife  oTThis  layer  to  the  optic 
nerve,  then  along  the  fiberi^r  the  optic  nerve  to  the 
gray  matter  of  the  branJ&here  they  finally  determine 
changes  which  consciousness  as  the  sensa¬ 

tion  of  light.  qsS 

That  we  ha^u)  correctly  interpreted  the  function  of 
the  layer  afC>pds  and  cones  is  rendered  probable  not 
only  by  figjVery  remarkable  and  complex  structure, 
adaptmjfiotr  to  responsive  vibrations,  not  only  by  the 
fact  fSkt  the  rods  and  cones  are  fiber  terminals  (all 
impressions  are  on  terminals),  but  also  by  the  pe¬ 
culiar  properties  of  two  spots  on  the  retina  in  which  all 
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the  layers  do  not  co-exist.  Just  where  the  optic  nerve 
enters,  as  shown  in  Fig.  23,  page  52,  the  bacillary  layer 
is  necessarily  wanting,  and  it  is  the  only  spot  in  which 
this  is  the  case.  Now,  this  spot  is  blind  (see  page  81). 
Again,  just  in  the  axis  of  the  globe,  or  what  might 
be  called  the  south  pole  of  the  eye,  is  the  central  spot 
or  central  pit.  In  this  spot  is  wanting  the  fibrous  layer 
and  the  whole  of  the  middle  layer,  except  some  nu¬ 
clear  cells  of  the  outer  part  (Fig.  24,  c).  The  bacillary 
layer  is  here,  therefore,  directly  exposed  to  the  action 
of  light.  Now,  this  is  the  most  sensitive  spot  of  the 
retina.  The  distinctive  functions  of  the  rods  and  cones 
will  come  up  later  under  color  perception  (page  81). 

Visual  Purple. — There  has  recently  been  found  in 
the  outer  or  receptive  part  of  the  rods  (but  not  of  the 
cones)  a  peculiar  purple  substance,  which  probably  has 
some  important  but  as  yet  imperfectly  known  func¬ 
tion  in  vision,  and  is  therefore  called  visualVpuvple. 
It  is  bleached  by  light,  and  again  restorddjby  dark¬ 
ness.  Photographic  images  (optograms\^£5bjects  may 
be  taken  on  the  purple  retina,  ampyy  appropriate 
means  may  be  fixed.  These  discqrtvhnes  naturally  ex¬ 
cited  hopes  that  the  study  of  this^ofetance  would  solve 
the  mystery  of  sensation  by  ue&ucing  it  to  a  chemical 
process.  But  these  hopes  Imve  not  been  fulfilled ;  for 
it  is  now  known  that  vis^tpurple  is  not  present  in  all 
animals,  nor  does  it  m  the  cones ,  and  therefore  is 
not  found  in  the  ^enifal  spot  of  the  human  eye — which 
is  nevertheless  IhVmost  sensitive  spot  in  the  retina  to 
both  form  andsJolor,  though  not  to  simple  faint  light. 
It  is  thei^ffoe  evidently  not  essential  to  the  perception 
of  either^Iight  or  color. 

recently  Parinaud  *  has  made  some  acute  ob- 


*  Revue  Scientifiquc,  vol.  iv,  p.  134,  August  3,  1895. 
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servations  and  ingenious  experiments  on  the  subject  of 
the  function  of  visual  purple.  It  is  wanting  in  night- 
blind  animals,  such  as  most  birds  and  all  snakes,  and  is 
abundant  in  nocturnal  animals,  such  as  most  ruminants, 
all  cats,  and  the  owl  among  birds.  According  to  Pari- 
naud,  its  function  is  to  produce  great  sensitiveness  in  the 
retina  to  simple  faint  diffused  light,  but  not  to  form  or 
color,  and  therefore  is  found  in  the  rods  but  not  in  the 
cones.  It  is  easily  destroyed  by  light  and  reformed  in 
darkness,  and  is  therefore  especially  adapted  to  feeble 
light.  Hence  it  is  that  in  very  faint  light,  but  not  in  full 
light,  by  night,  but  not  by  day,  we  detect  the  presence  of 
an  object,  though  not  its  form — by  indirect  better  than 
by  direct  vision.  Direct  vision  is  by  the  cones  only,  indi¬ 
rect  vision  by  the  rods  mostly ;  and  these  are  made  very 
sensitive  by  the  presence  of  the  visual  purple.  This  ex¬ 
plains  also  the  temporary  night-blindness  of  one  coming 
out  of  a  brilliantly  lighted  room  into  the  Bright.  The 
restoration  of  night  vision  is  the  result  apre-formation 
of  visual  purple  destroyed  by  the  brilliant;  light.* 

_ 

cP 

SECTION  II.— SPA<$^TERCEPTION. 

"W e  have  now  explains  dlQth  the  instrument  for  mak¬ 
ing  an  image  and  the  st(tjciure  of  the  retina  or  receiving 
screen.  We  proce^^o  show  how  these  co-operate  to 
produce  the  phondQlena  of  vision.  There  is  a  certain  pe¬ 
culiarity  in  the  general  function  of  the  retina,  optic  nerve, 
and  associafe^bbrain  apparatus  which  must  first  be  ex¬ 
plained  {^M-'clearly  apprehended,  in  order  to  understand 
the  p^j&mena  of  vision,  for  it  lies  at  their  very  basis. 

4Sjffhe  decomposition  of  visual  purple  is  confined  to  the  blue  end  of  the 
ritm.  It  is  not  aifected  by  red.  Hence  the  relative  brightness  of  blue , 
compared  with  red  or  yellow ,  increases  with  the  faintness  of  the  light. 
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First  Law  of  Vision. — Law  of  Outward  Projection  of 
Retinal  Impressions. — An  image  is  formed  on  the  reti¬ 
nal  screen.  We  have  seen  that  the  whole  object  of 
the  complex  arrangement  of  lenses  placed  in  front  of 
the  retina  is  the  formation  of  images.  But  we  do  not 
see  the  retinal  images.  We  do  not  see  anything  in 
the  eye ,  but  something  outside  in  space.  It  would 
seem,  then,  that  the  retinal  image  impresses  the  retina 
in  a  definite  way ;  this  impression  is  then  conveyed  by 
the  optic  nerve  to  the  brain,  and  determines  changes 
there,  definite  in  proportion  to  the  distinctness  of  the 
retinal  image ;  and  then  the  brain  or  the  mind  refers 
or  projects  this  impression  outward  in  a  definite  di¬ 
rection  into  space  as  an  external  image ,  the  sign  and 
facsimile  of  an  object  which  produces  it.  We  shall 
see  hereafter  how  important  it  is  that  we  regard  what 
we  see  as  external  images ,  the  signs  of  objects  which 
produce  them,  and  these  external  images  thejrtselves  as 
projections  outward  of  retinal  images.  ' 

This  law  of  outward  projection  is  soOT^portant  that 
we  will  stop  a  moment  to  show  that not  a  new  law 
specially  made  for  the  sense  of  sktfTJ,  hut  only  a  modi¬ 
fication  of  a  general  law  of  sqn^Jbfi.  After  doing  so, 
we  will  proceed  to  illustrate  ^ymany  phenomena,  so  as 
to  fix  it  well  in  the  mind.  0 

Comparison  with  Other  Senses. — The  general  law  of 
sensation  is,  that  irrira^ii  or  stimulation  in  any  portion 
of  the  course  of  /"sensory  fiber  is  referred  to  its  periph¬ 
eral  extremity, ^  Thus,  if  the  sciatic  nerve  be  laid  bare 
in  the  uppei^jhigh  and  then  pinched,  the  pain  is  felt 
not  at  th^Q*art  injured  but  at  the  termination  of  the 
nerve  the  feet  and  toes.  If  the  ulnar  nerve  be 
pinpMd  in  the  hollow  on  the  inner  side  of  the  point 
A*  ie  elbow,  pain  is  felt  in  the  little  and  ring  fingers, 
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where  this  nerve  is  distributed.  In  amputated  legs, 
as  is  well  known,  the  sense  of  the  presence  of  a  foot 
remains,  and  often  severe  neuralgic  pains  are  felt  in  the 
feet  and  toes.  The  pain,  which  in  this  case  is  caused 
by  a  diseased  condition  of  the  nerves  at  the  point  of 
amputation,  is  referred  to  the  place  where  the  diseased 
fibers  were  originally  distributed.  In  nerves  of  com¬ 
mon  sensation,  therefore,  injury  or  disease,  or  stimu¬ 
lation  of  any  kind  in  any  part,  is  referred  to  the 
peripheral  extremity  of  the  nerve-fibers.  Now  the 
peculiarity  of  the  optic  nerve  is,  that  it  refers  impres¬ 
sions  not  to  its  peripheral  extremity  only,  but  beyond 
into  space. 

But  when  we  find  great  differences  in  the  functions 
of  tissues,  such  as  occur  in  this  case,  we  can  generally 
find  the  steps  which  fill  up  the  gap.  A  thoughtful 
comparison  of  the  phenomena  of  the  different  senses 
will,  we  believe,  reveal  these  steps.  W e  r^s^at  here 
what  has  already  been  said  in  a  generality  on  page 
5.  Commencing  with  the  lowest  of^Qte  specialized 
senses,  the  gustative,  an  impressiofi^ah  the  nerves  of 
taste  is  referred,  as  in  the  c^^Qf  common  sensory 
fibers,  to  their  peripheral  extoetmty:  the  sensation  is 
on  the  tongue.  In  the  case  <(ythe  olfactive,  we  have  a 
sensation  still  at  the  pei^ieral  extremity,  i.  e.,  in  the 
nose ,  but  also  a  refereM&ifco  an  external  body  at  a  dis¬ 
tance  as  its  cause.^iiere  the  objective  cause  and  the 
subjective  sensa^io^T ire  separated,  and  both  distinct  in 
the  mind.  InC^ie  case  of  the  auditive  nerve,  the  sen¬ 
sation  is  n(^bnger  perceived,  or  at  least  is  very  im- 
perfectiiv^rceived,  in  the  ear,  but  is  nearly  wholly 
objective,  i.  e.,  referred  to  the  distant  sounding  body. 

in  the  case  of  the  optic  nerve,  the  impression 
^  so  wholly  projected  outward  that  the  very  reminis- 
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cence  of  its  subjectivity  is  entirely  lost.  We  are  per¬ 
fectly  unconscious  of  any  sensation  in  tlie  eye  at  all. 

Illustrations  of  this  Property. — We  will  now  try  to 
make  this  property  clear  by  many  illustrative  experi¬ 
ments. 

Experiment  1. — If  the  retina  or  the  optic  nerve  in 
any  portion  of  its  course  were  irritated  in  any  way,  by 
pinching,  by  scratching,  or  by  electricity,  we  should 
certainly  not  feel  any  pain  at  all,  but  see  a  flash  of  light. 
But  where  ?  Not  at  the  place  irritated,  nor  at  the 
peripheral  extremity  only,  not  in  the  eye ,  but  beyond  in 
the  field  of  view,  and  at  a  particular  place  in  that  field, ; 
depending  on  the  part  of  the  retina  irritated.  Of  course, 
this  experiment  can  not  be  easily  made.  It  has  been 
made,  however,  by  passing  a  spark  of  electricity  through 
the  head  or  through  the  eye  in  such  wise  as  to  pene¬ 
trate  the  retina  or  traverse  the  optic  nerve.  The  phe¬ 
nomenon  has  also  been  observed  in  cases  of  qjdtirpation 
of  the  eye  at  the  moment  of  section  of  the^q^tic  nerve. 
(Helmholtz.) 

Experiment  2.  Phosphenes . — Pr^pthe  finger  into 
the  internal  corner  of  the  eye :  vguQ^rceive  a  brilliant 
colored  spectrum  in  the  field  ^'\£$/ron  the  opposite  or 
external  side.  The  spectruirHpus  produced  has  a  deep 
steel-blue  center,  with  a  b^iant  yellow  border,  and  re¬ 
minds  one  of  the  beautv^pts  on  a  peacock’s  feather  or 
a  butterfly’s  wing,  SScmove  the  pressure  to  any  other 
part,  and  the  specrfram  moves  also,  but  retains  its  opposite 
position  in  the  fiela  of  view.  In  this  familiar  experiment 
the  pressurez-fttfients  the  sclerotic  and  causes  a  change 
or  irrita^^CN  on  the  forward  portion  of  the  retina ;  and 
any  cli^Jge  whatever  on  the  retina  is  always  referred 
direeQy  outward  at  a  right  angle  to  the  point  impressed, 
^uStherefore  to  the  opposite  side  of  the  field  of  view. 
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These  colored  spectra  have  been  called  phosphenes. 
Observe,  again,  the  projection  is  in  a  perfectly  definite 
direction  depending  on  the  part  of  the  retina  impressed. 

Experwnent  3.  Muscce  Volitantes. — If  we  gaze  on 
a  white  wall  or  ceiling,  or,  still  better,  on  a  bright  sky, 
we  see  indistinct  motes  floating  about  in  the  field  of 
view  on  the  wall  or  sky,  and  slowly  gravitating  down¬ 
ward.  Sometimes  they  are  undulating,  transparent 
tubes,  with  nucleated  cells  within ;  sometimes  they  are 
like  inextricably  tangled  threads,  or  like  matted  masses 
of  spider’s  web ;  sometimes  they  are  slightly  darker 
spots,  like  faint  clouds.  They  are  called  muscce  voli¬ 
tantes  ,  or  flying  gnats.  What  are  they  ?  They  are  specks 
or  imperfections  in  the  transparency  of  the  vitreous 
humor.  As  fishes  or  other  objects  floating  in  mid  water 
of  a  clear  lake  on  a  sunny  day  cast  their  shadows  on  the 
bottom  ooze,  even  so  these  motes  in  the  clear  medium 
of  the  vitreous  humor,  in  the  strong  light  a^the  sky, 
cast  their  shadowg^S^  tne  reti¬ 
nal  bottom .  as  already 

said,  all  ch^©^  in  the  retina, 
of  whate*d©kind,  whether  pro¬ 
duce^  Sy' images,  or  shadows, 
or  ^hhanical  irritations,  are 
P0>jected  outward  into  the  field 
view,  and  appear  there  as 
k  something  visible. 

Experiment  1±.  Purlcwje*  s 
Figures. — Stand  in  a  dark  room 
with  a  lighted  candle  in  hand. 
Shutting  the  left,  hold  the  can¬ 
dle  very  near  the  right  eye, 
vnfcMa  three  or  four  inches,  obliquely  outward  and  for¬ 
ewarn,  so  that  the  light  shall  strongly  illuminate  the 
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retina.  Now  move  the  light  about  gently,  upward, 
downward,  back  and  forth,  while  you  gaze  intently  on 
the  wall  opposite.  Presently  the  field  of  view  becomes 
dark  from  the  intense  impression  of  the  light,  and  then, 
as  you  move  the  light  about,  there  appears  projected 
on  the  wall  and  covering  its  whole  surface  a  shadowy, 
ghost-like  image,  like  a  branching,  leafless  tree,  or  like  a 
great  bodiless  spider  with  many  branching  legs.  What 
is  it  ?  It  is  an  exact  but  enlarged  image  of  the  blood¬ 
vessels  of  the  retina  (Fig.  26).  These  come  in  at  the 
entrance  of  the  optic  nerve,  ramify  in  the  middle  layer, 
and  therefore  in  the  strong  light  cast  their  shadows  on 
the  bacillary  or  receptive  layer,  of  the  retina.  The 
impression  of  these  shadows  is  projected  outward  into 
the  field  of  view,  and  seen  there  as  an  enlarged  shadowy 
image.  These  have  been  called  Parkin je’s  figures, 
from  the  discoverer. 

Experiment  5.  Ocular  Spectra. — Look^^noment 
steadily  at  the  setting  sun,  and  then,  turn^M'  away  the 
eye,  look  elsewhere — at  the  sky,  the  grfjChid,  the  wall  : 
a  vivid  colored  spectrum  of  the  smH^*  many  of  them, 
if  the  eye  has  not  been  steady  vdTSMregarding  the  sun) 
is  projected  into  the  field  of  ^mw,  and  follows  all  the 
motions  of  the  eye.  This  spd^rum,  on  a  bright  ground, 
like  the  sky,  to  my  eye^i&Sth’st  green,  then  blue,  then 
purple,  then  rose,  aiid0tVgradually  fades  away.  The 
spectrum  is  equallrv^en  when  the  eye  is  shut ;  but 
then  being  proje^JtTon  a  dark  ground,  the  color  is  apt 
to  be  complen^Sptary  to  that  of  the  same  spectrum  seen 
against  theU©ght  ground  of  the  sky.  It  is  first  blue, 
then  then  green,  and  so  fades.  The  explana¬ 

tion  Vbvious.  The  strong  impression  of  the  image 
of^mQ  sun  on  the  retina  induces  a  change  which 
^ts  some  time ;  the  sun  brands  its  image  on  the  ret- 
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ina,  but  every  change  in  the  retina  appears,  by  projec¬ 
tion,  in  the  field  of  view. 

This  experiment  may  be  made  in  an  infinite  variety 
of  ways.  If  at  night  we  gaze  steadily  at  a  candle-  or 
lamp-flame,  or  flame  of  any  kind,  and  then  turn  away 
and  look  at  the  wall,  we  see  a  vivid  colored  spectrum 
of  the  flame,  which  gradually  changes  its  color  and 
fades  away.  In  my  own  case,  on  shutting  the  eyes, 
the  spectrum  is  first  bright  yellow,  with  deep-red  border 
and  dark  olive-green  corona ;  then  it  becomes  greenish- 
yellow,  and  then  green  with  red  border,  then  red  with 
indigo  border,  and  so  fades  away.  With  the  eyes  open 
the  changes  are  slightly  different,  and  in  some  stages 
are  complementary  to  the  preceding.  Again,  if  we 
look  a  moment  through  a  window  at  a  bright  sky,  and 
then  quickly  turn  the  eye  to  the  wall,  we  will  see  a 
faint  spectrum  of  the  window  with  all  its  bars  projected 
against  the  wall.  If  we  look  intently  an<K|pjadily  at 
any  object  strongly  differentiated  from  rest  of  the 
wall  of  a  room,  as  a  small  picture-fwVie  or  a  clock, 
then  look  to  some  other  part  of  tljc^fdl,  the  spectrum 
of  the  object  will  be  seen  on  fall  and  follow  the 
eye  in  its  motions.  This  expt^^ment  succeeds  best  when 
we  are  just  waked  up  in  tO  morning,  and  while  the 
retina  is  still  sensitive  imjwlong  rest. 

The  experiment^^^A>e  varied  thus :  Lay  a  small 
patch  of  vermiho^^ed — such  as  a  red  wafer  on  a 
white  sheet  of  ptpbr,  and  gaze  steadily  at  it  in  a  strong 
light  for  a  ^siderable  time,  and  then  turn  the  eye 
to  some  part  of  the  paper.  ,  A  spectrum  of  the 

wafeoN$fr  be  seen,  because  every  difference  in  the 
retimwill  appear  as  a  corresponding  difference  in  the 
It  will  be  observed,  also,  that  the  spectrum  will 
^e  bluish-green,  i.  e.,  complementary  to  the  red  of  the 
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object.  The  reason  seems  to  be  that  the  long  impres¬ 
sion  of  the  red  produces  a  profounder  change,  or  fatigue, 
in  those  rods  or  cones,  or  those  portions  of  the  cones, 
which  co-vibrate  with  red;  therefore,  when  we  look 
elsewhere,  of  the  different  colors  which  make  up  white 
light,  the  retina  is  least  sensitive  to  red,  and  therefore 
the  other  rays  will  predominate.  Now  these  other  rays, 
which  with  red  make  up  white  light,  are  what  are  called 
complementary  to  red.  A  mixture  of  these  makes  a 
bluish-green.  It  is  difficult,  however,  to  account  for  all 
the  phenomena  of  the  colors  of  spectra  by  this  “  law  of 
fatigue .”  The  fact  is,  the  retina  is  not  a  mere  passive 
sensitive  screen,  like  an  iodized  plate.  Like  all  living 
tissue  it  has  a  self-activity  of  its  own.  Spectral  images 
are  seen  on  dark  as  well  as  on  light  fields — with  the  eyes 
shut  as  well  as  open.  The  retina  will  make  images  of 
its  own,  even  without  any  external  stimulus.  The  dark 
field  is  itself  an  evidence  of  such  intrinsic  acfijrity. 

Complementary  spectra  may  be  still  mfore  beauti¬ 
fully  seen  by  gazing  on  the  brilliant  ctf^asted  colors 
of  a  stained-glass  window,  and  theiryurning  the  eyes 
on  a  white  wall.  The  whole  na^fefn  of  the  window 
will  be  distinctly  seen  in  complementary  colors.  We 
are  not  now,  however,  disowning  the  colors  of  these 
spectra,  but  only  their  pr^jpction  into  space. 

Let  it  be  observedQjere  how  differently  spectral 
images  behave  fron’^J^ects.  When  we  move  the  eyes 
ahmit.  flip,  imao  -*jar  objects  move  about  on  the  retina, 


ject&semn  to  remain  unmoved.  Spectral  im- 
>n  the  retina,  on  the  contrary,  remain  in  the 


same  pku^on  the  retina,  and  therefore  their  external 
image^Rffiow  the  motions  of  the  eye. 


3  are  now  prepared  to  generalize  from  these  ob- 
ons.  It  is  evident  that  what  we  call  the  field  of 
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view  is  naught  else  than  the  external  projection  into 
space  of  retinal  states .  All  variations  of  state  of  the 
one,  whether  they  he  images,  or  shadows,  or  brands,  or 
mechanical  irritation,  whether  they  be  normal  or  abnor¬ 
mal,  are  faithfully  reproduced  as  corresponding  varia¬ 
tions  of  appearances  in  the  other.  This  sense  of  an  ex¬ 
ternal  visual  field  is  ineradicable.  If  we  shut  our  eyes, 
still  the  field  is  there,  and  still  it  represents  the  state  of 
the  retina.  With  the  eyes  open,  we  call  it  the  field  of 
view ,  filled  with  objects ;  with  the  eyes  shut,  it  is  the 
field  of  darkness — visible,  palpable  darkness,  without 
visible  objects.  The  one  is  the  outward  projection  of 
the  active  state  of  the  retina,  crowded  with  its  retinal 
images;  the  other  is  the  outward  projection  of  the 
comparatively  passive  state  of  the  retina,  without  defi¬ 
nite  images.  When  we  shut  our  eyes,  or  stand  with 
eyes  open  in  a  perfectly  dark  room,  the  field  of  dark¬ 
ness  is  an  actual  visible  field,  the  outlines  pfcrohich  we 
can,  at  least  imperfectly,  mark-  out.  It  is  TOpIly  differ¬ 
ent  from  a  simple  absence  of  visual  ii^^ession.  We 
see  a  dark  field  in  front,  but  nothin  all  behind  the 
head.  The  dark  field  is  also  quite^Mferent  from  black¬ 
ness .  If  we  must  describe  it  ^s  o#4ny  color,  we  should 
say  that  it  is  a  dark  grayislQm  brownish  field,  full  of 
irregular,  confused,  and  e6§r-shifting  lines  and  cloud¬ 
ings.  If  the  retina  ha^Jfcen  previously  strongly  im¬ 
pressed,  spectra  are  on  this  dark  background  when 
the  eyes  are  shu When  the  eyes  are  open,  the  same 
spectra  are  sce^m  the  bright  ground  of  the  sky  or  wall, 
and  the  diff^hce  of  the  background  makes  the  differ¬ 
ence  ol^&s^olor  °f  the  spectra  in  the  two  cases.  This 
sense  hold,  although  we  see  nothing  in  it,  may  be 
comMa-el  to  our  sense  of  a  hand  although  we  feel  noth- 
in^witli  it. 
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Now  the  same  inherent  activity  of  the  retina  which 
produces  the  sense  of  a  dark  field  with  its  confused 
markings  and  cloudings,  will  also,  under  certain  circum¬ 
stances  of  peculiar  sensitiveness  of  the  retina,  as  after 
complete  rest  in  the  early  morning,  give  rise  spontane¬ 
ously  to  more  definite  spectra,  often  of  beautiful  colors. 
I  have  often,  in  bed  in  the  morning,  watched  with  eyes 
shut  these  splendid  spectra,  consisting  of  a  colored  patch 
surrounded  with  a  border  of  complementary  color,  each 
color  closing  in  on  the  center  and  so  vanishing,  while 
another  border  commences  on  the  outside  to  close  in  in 
the  same  way.  Thus,  just  as  impressions  or  images 
made  normally  on  the  retina  by  actual  objects  from 
without  are  projected  into  the  field  of  view  and  seen 
there  as  the  true  signs  of  objects,  even  so  impressions 
made  on  the  retina  abnormally  from  within ,  by  the 
mind  or  imagination,  are  also  sometimes  projected  out¬ 
ward,  and  become  the  delusive  signs  of  external  objects 
having  no  existence.  It  is  thus  that  the  (^s«sed  brain 
gives  rise  to  delusive  visual  phenomena^^ 

Second  Law  of  Vision. — Law  of  Visible  Direction. — 
Corresponding  Points,  Retinal  and  Spatial. — We  have 
already  alluded  to  a  particular  auction  of  projection. 
We  now  define  this  directio^hiore  perfectly  as  a  law. 
The  direction  of  external@ojection  may  be  exactly,  or 
nearly  exactly,  defin^cWp^ollows : 

We  have  seen  tJaaCMme  central  ray  of  each  radiant 


passes  straight 


y\i  the  nodal  point  of  the  lens  with¬ 


out  deviation.  the  retina.  Neglecting. all  other  rays 
as  not  concc(F^hig  us  here,  we  will  consider  these  central 
rays  atah&^  Since  they  all  pass  through  the  nodal 
point;  ,  ^  vy  must  cross  one  another  at  that  point.  It  is 
^t,  then,  that  every  point — every  rod  and  cone — 
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visual  field,  and  vice  versa .  These  two  points,  retinal 
and  spatial,  exchange  with  one  another  by  impression 
and  external  reference  along  the  straight  lines  connect¬ 
ing.  This  is  represented  by  the  diagram  (Fig.  27),  in 
Fla>  27.  which  8  S  and 

R  R  represent 
the  spatial  and 
retinal  concaves 
— a  sort  of  ma¬ 
crocosm  and  mi¬ 
crocosm  —  with 
straight  lines  of 
rays  of  light 
connecting.  A 
ray  from  a  point 
d  in  space  passes 
in  a  ^straight 
linemjmgli  the 
point  n, 
pSkl  strikes  a 
^C""certain  retinal 
rod  d ;  that  im¬ 
pression  is  pro¬ 
jected  by  the 
rod  end  on,  or 

Diagram  representing  Cmt^fcMihuNG  Points,  nearly  SO _ is 

KETINAL  ANI^I^fTlAL.  *'* 

Qx  referred  back 

along  the  ray-lin^>r  nearly  so,*  to  the  place  whence  it 
came.  A  mqrfgjnspection  of  the  figure  is  sufficient  to 
show  that  tjCjy^osition  of  all  retinal  images  must  be  the 

*Th«jSS$»  expressions,  “end  on ’’and  “back  along  the  ray-line,” 
are  not  s^onymous,  especially  for  the  extreme  margins  of  the  field 
°f  vj*A  Either  of  them  are  sufficiently  near  the  truth  for  my  pur- 
cos1^)  Probably  the  former  is  most  exact,  at  least  for  the  retinal 
TOrgins. 
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reverse  of  the  objects  in  space — that  the  upper  part  of 
the  field  of  view  corresponds  to  the  lower  part  of  the 
retina,  and  the  lower  part  of  the  former  to  the  upper 
part  of  the  latter.  Similarly  the  right  and  left  sides  of 
the  field  correspond  to  the  left  and  right  sides  respec¬ 
tively  of  the  retina. 

These  two  laws — the  law  of  external  projection  and 
the  law  of  direction — are  the  two  most  fundamental 
laws  of  vision.  The  one  shows  why  objects  are  seen 
externally  in  space;  the  other  gives  the  exact  place 
where  they  are  seen — i.  e.,  the  relative  position  of  ob¬ 
jects  and  parts  of  objects.  Together  they  explain  all 
the  phenomena  of  monocular  vision  except  color.  The 
whole  science  of  monocular  vision  is  but  a  logical  ex¬ 
plication  of  these  two  laws.  It  is  necessary,  however,  to 
take  up  some  points  and  explain  them  more  fully  by 
this  law. 

1.  Erect  Vision. — Retinal  images  are  alLAiverted. 
External  images  or  signs  of  objects  are  out^fakr  projec¬ 
tions  of  retinal  images.  ITow,  then,  with^fiwerted  retinal 
images,  do  we  see  objects  in  their  rigyt  position,  i.  e., 
erect  f  This  question  has  pu  zzkdQmnk  ers  for  many 
centuries  and  many  and  varkm&Answers  have  been 
given.  Qy- 

Theor'ies  of  Erect  Visirffy — 1.  First,  there  have  been 
metaphysical  theories  ^fe^acteristic  of  this  class  of 
thinkers.  Accordin^vjso  these,  erect  and  inverted  are 
purely  relative  tetfnp:  If  all  things  are  inverted,  then 
nothing  is  inYegtecL  There  is  no  up  and  down  to  the 
soul,  etc.  ZQpativistic  Theory . — It  is  a  native  or  in¬ 
herited  ^fo^oVment,  for  which  no  reason  can  be  given. 
3.  Emjnpistic  Theory . — It  is  learned  by  experience  by 
ea<d*N?fidividual  for  himself. 

first  we  put  aside  as  being  non -scientific.  The 
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second  and  tim'd  are  each  true  to  some  extent,  and  may 
and  must  be  combined  and  reconciled.  It  is  acquired 
by  experience ;  yes,  but  not  by  individual  experience, 
but  by  ancestral  experience,  acquired  and  accumulated 
through  the  whole  line  of  evolution  of  the  eye  from 
the  lowest  animals  to  man — from  the  earliest  times  to 
now.  To  the  individual,  however,  it  is  native— in¬ 
herited. 


& 


But  leaving  aside  the  question  of  origin,  a  strictly 
scientific  explanation  is  an  analysis  of  the  phenomena 
and  their  reduction  to  a  general  law.  This  law  is  the 
“law  of  visible  direction”  already  explained.  This 
law  may  be  thus  stated :  When  the  rays  from  any  radi- 
cvnt  strike  the  retina,  the  impression  is  referred  back 
along  the  ray  dine  ( central  ray  of  the  pencil)  into  space, 
and  therefore  to  its  proper  place.  For  example:  The 
rays  from  a  star  (which  is  a  mere  radiant  poinf)  on  the 
extreme  verge  of  the  field  of  view  to  tli QSqujht  enter 
the  eye,  pass  through  the  nodal  point,  strike  the 
retina  on  its  extreme  anterior  left  ja&^gin ;  the  im¬ 
pression  is  referred  straight  backJffeng  the  ray-line, 
and  therefore  seen  in  its  proper*  place  on  the  right.  A 
star  on  the  left  sends  its  rav|Onfo  the  eye  and  strikes 
the  right  side  of  the  retina, ^iid  the  impression  is  re¬ 
ferred  back  along  the  M^fine  to  its  appropriate  place 
on  the  left.  So  alsqv^ms  or  stars  above  the  horizon 
in  front  impress  lower  portion  of  the  retina,  and 
the  impression  f^Jbeferred  back  along  the  ray -line  at 
right  angles, early  at  right  angles,  to  the  impressed 
surface,  amOherefore  upward ;  and  radiants  below  the 
horizoijS^  the  ground,  impress  the  upper  half  of  the 
retina  are  referred  downward. 

Comparison  with  Other  Senses. — There  is  nothing 
^^solutely  peculiar  in  this ;  but  only  a  general  property 
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of  sense  refined  to  the  last  degree  in  the  case  of  sight, 
owing  to  the  peculiar  and  exquisite  structure  of  the 
bacillary  layer  of  the  retina.  For  example:  Suppose, 
standing  with  our  eyes  bandaged,  any  one  should  with 
a  rod  push  against  our  body.  We  immediately  infer 
the  direction  of  the  external  rod  by  the  direction  of 
the  push.  Suppose  we  were  standing  captive  and  blind¬ 
folded  on  the  plains  of  Arizona  surrounded  by  Apaches 
shooting  arrows  at  us  from  every  side.  W ould  we  not 
be  able,  by  the  part  struck  and  by  the  direction  of  the 
push,  to  refer  each  arrow  back  along  its  line  of  flight 
to  the  place  whence  it  came  ?  Is  it  any  wonder,  then, 
that  when  the  rays  of  light  crossing  one  another  in  the 
nodal  point  punch  against  the  interior  hollow  of  the 
retina,  we  should  infer  the  direction  of  the  cause  by 
the  direction  of  the  punch ;  i.  e.,  that  we  should  refer 
each  radiant  back  to  its  proper  place  in  space  ? 

Thus  it  is  seen  that  it  is  in  nowise  contrary  to  the 
general  law  of  the  senses  that  we  should  single 

radiants,  like  stars,  back  to  their  proper  «^e  in  space 
and  see  them  there.  But  objects  are  raymng  else  than 
millions  of  radiants,  each  with  its  correspondent 
focal  point  in  the  retinal  image.  focal  impression 

is  referred  back  to  its  correspondent  radiant,  and  thus 
the  external  image  is  reco^ructed  in  space  in  its  true 
position,  or  is  reinvertedQni the  act  of  projection.  If 
we  decompose  objectsra^their  component  radiants  it  is 
at  once  seen  that  ^r^juestion  of  erect  vision  is  nothing 
more  than  a  ques^otrof  seeing  things  in  their  right  places.* 

*  Some  may  s^omc  have  said  (“Science,7’  vol.  ii,  p.  268,  1S9H),  that 
we  are  not  \^v(ahtcd  in  explaining  by  one  law  things  so  disparate  as  sen¬ 
sation  of  KCT^and  sensation  of  touch.  The  answer  is  plain.  Direction 
is  not  a  ^ensktion,  but  an  idea  underlying  all  the  senses.  It  is  a  matter 
of  sps^p^rception,  an(^  therefore  in  this  regard  it  is  right  to  reduce 
al^kjiesenses  to  a  common  law... 
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After  these  illustrations  and  explanations  we  return 
to  the  law,  and  restate  it  thus  :  Every  impression  on  the 
retina  reaching  it  by  a  ray-line  passing  through  the 
nodal  point  is  referred  hack  alo7ig  the  same  ray-line  to 
its  true  place  in  space .  Thus,  for  every  radiant  point 
in  the  object  there  is  a  correspond ent  focal  point  in  the 
retinal  image ;  and  every  focal  point  is  referred  back 
along  its  ray-line  to  its  own  radiant,  and  thus  the  ex¬ 
ternal  image  (object)  is  reinverted  and  reconstructed  in 
its  proper  position.  Or  it  may  be  otherwise  expressed 
thus :  Space  in  front  of  us  is  under  all  circumstances 
the  outward  projection  of  retinal  states.  With  the  eyes 
open,  the  field  of  view  is  the  outward  projection  of  the 
active  or  stimulated  state  of  the  retina ;  with  the  eyes 
shut,  the  field  of  darkness  is  the  outward  projection  of 
the  unstimulated  or  passive  state  of  the  retina.  Thus 
the  internal  retinal  concave  with  all  its  states  is  pro¬ 
jected  outward,  and  becomes  the  external i^cwal  con¬ 
cave ,  and  the  two  correspond,  point  foj^loint.  Now 
the  lines  connecting  the  corresponding  points,  external 
and  internal,  cross  each  other  at  thd  nodal  point,  and 
impressions  reach  the  retina  an^Ta^e  referred  back  into 
space  along  these  lines ;  or,  isomer  words,  these  corre¬ 
sponding  points,  spatial  andOtinal,  exchange  with  each 
other  by  impression  a^d )  external  projection.  This 
would  give  the  trueQjJMtion  of  all  objects  and  of  all 
radiants,  and  therefore  completely  explains  erect  vision 
with  inverted  i%tmal  image.  This  is  easily  understood 
by  referring©)  Fig.  27,  page  68. 

We  Sj^Qmen,  that  the  sense  of  sight  is  not  excep- 
tionah&Vkhis  property  of  direction  reference.  But  what 
is  exertional  is  the  marvelous  perfection  of  this  prop- 
^fi^-the  mathematical  accuracy  of  its  perception  of 
•ection.  This  is  the  result  partly  of  the  remarkable 
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structure  of  tlie  bacillary  layer.  Every  rod  and  cone 
has  its  own  correspondent  in  space,  and^  the  extreme 
minuteness  and  therefore  number  of  separably  discern¬ 
ible  points  in  space  is  measured -by  the  minuteness  and 
therefore  number  of  the  rods  and  cones  of  the  bacillary 
layer.  Also  the  perpendicular  direction  of  the  rods 
and  cones  to  the  retinal  concave  is  probably  related  to 
the  direction  of  projection  of  impressions  into  space, 
and  therefore  to  the  accuracy  of  the  perception  of  di¬ 
rection.  That  this  accurate  perception  of  direction  and 
therefore  of  erectness  of  objects  is  not  a  matter  of 
judgment  acquired  by  individual  experience,  but  is  in¬ 
herited  and  therefore  immediate,  is  proved  by  the  fact 
that  an  infant,  as  soon  as  it  takes  notice  at  all,  turns 
its  eyes  towa/rd  the  light ,  and  therefore  must  see  the 
light  in  its  true  position.  As  already  said,  erect  vision 
is  a  mere  question  of  seeing  things  in  their  right  places. 
A  child  six  years  old,  operated  on  for  congenital  cataract 
and  blindness,  saw  things  in  their  proper  potion  and 
right  side  up  from  the  first,  but  could  now^flge  of  dis¬ 
tance.  This  had  to  be  learned  by  experonce.* 

Illustrations  of  the  Law  of  Direction. — There  are 
many  interesting  phenomena  e^l)Lined  by  this  law, 
which  thus  become  illustratioimSsf  the  law. 

Since  inverted  images  0  the  retina  are  reinverted 
in  projection  and  seen  eifiQ^  it  is  evident  that  shadows 
of  objects  thrown  oit^re  retina,  not  being  inverted, 
ought  to  become  inverted  in  outward  projection,  and 
therefore  seenp^mfs  position  in  space.  This  is  beau¬ 
tifully  shown/i^tne  following  experiment. 

Experhneyxt  1 . — Make  a  pin-hole  in  a  card,  and, 
holding  %he  card  at  four  or  five  inches  distance  against 
the^skyi  before  the  right  eye  with  the  left  eye  shut, 


*  “  Revue  scientifique,’’  October  29,  1892. 
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bring  tlie  pin-head  very  near  to  the  open  eye,  so  that 
it  touches  tlie^lashes,  and  in  the  line  of  sight :  a  perfect 
inverted  image  of  the  pin-head  will  be  seen  in  the  pin¬ 
hole.  If,  instead  of  one,  we  make  several  pin-holes,  an 
inverted  image  of  the  pin-head  will  be  seen  in  each 
pin-hole ,  as  shown  in  Fig.  28.  The 
explanation  is  as  follows  :  If  the  pin 
were  farther  away,  say  six  inches  or 
more,  then  light  from  the  pin  would 
be  brought  to  focal  points  and  pro¬ 
duce  an  image  on  the  retina ;  and 
this  image,  being  inverted,  would 
by  projection  be  reinverted,  and  the 
pin  would  be  seen  in  its  real  posi¬ 
tion.  In  the  above  experiment,  however,  the  pin  is  much 
too  near  the  retina  to  form  a  distinct  image.  But  near¬ 
ness  to  the  retinal  screen,  though  unfavorable  for  pro¬ 
ducing  an  image,  is  most  favorable  for  castijm^a  sharp 
shadow  •  and  while  retinal  images  are  invited,  retinal 
shadows  are  erect.  The  true  image  of  ^^pin,  but  very 
much  blurred,  may  be  dimly  seen  ^Otlie  near  side  of 
the  card  and  covering  the  pin-h^O  The  light  stream¬ 
ing  through  the  pin-hole  intoSne  eye  casts  an  erect 
shadow  of  the  pin-head  on  ^  retina.  This  shadow  is 
projected  outward  into  si^fce,  and  by  the  law  of  direc¬ 
tion  is  inverted  in  tl^0^t>of  projection,  and  therefore 
seen  in  this  positio^Mn  the  pin-hole.  It  is  further 
proved  to  be  thefoijtward  projection  of  a  retinal  shadow 
by  the  fact  th^U  by  multiplying  the  pin-holes  or  sources 
of  light,  weQmItiply  the  shadows,  precisely  as  shadows 
of  an  4^|bct  in  a  room  are  multiplied  by  multiplying 
the  iknxs  in  the  room.* 


Fig.  28. 


,0 


\Q?ms  phenomenon  was  explained  by  the  author  in  lS'Zl.  See 
^Philosophical  Magazine,”  vol.  lxi,  p.  266.  It-  had,  however,  been  pre- 
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Experiment  — If  we  look  at  a  strong  light,  such 
as  the  flame  of  a  candle  or  lamp,  or  a  gas-flame,  at  some 
distance  and  at  night,  and  then  bring  the  lids  somewhat 
near  together,  we  observe  long  rays  streaming  from  the 
light  in  many  directions,  but  chiefly  upward  and  down¬ 
ward.  Fig.  29  gives  the  phenomenon  as  I  see  it.  The 
explanation  is  as  follows :  In  bringing  the  lids  near 
together,  the  moisture  which  suffuses  the  eye  forms  a 
concave  lens,  as  in  Fig.  30  (hence  the  phenomenon  is 
much  more  conspicuous  if  there  be  considerable  moisture 
in  the  eyes).  This  watery  lens  kill  be  saddle-shaped — 
i.  e.,  concave  vertically  and  convex  hori¬ 
zontally.  Now,  the  rays  from  the  light 
(Z,  Fig.  29)  which  penetrate  the  center 
of  the  pupil  will  pass  directly  on  with¬ 
out  refraction  except  what  is  normal, 
and  make  its  image  (Fig.  30,  L')  on  the 
central  spot.  But  the  rays  which  strike 
the  curved  surface  of  the  watery  lens 
will  be  bent  upward  to  b  and  downward^ 
to  a .  Thus  the  light,  instead  of  bear 
brought  to  a  focal  point,  is  brougd0te> 
a  long  focal  line,  b  a ,  on  the  retii(^/\uth 
the  image  of  the  light  in  the/syiddle  at 
Z'.  The  upper  portion  of^his  line  b  Lr 
will  be  projected  outvdQk  and  down¬ 
ward,  and  form  the  dh^nvard  streamers 
of  Fig.  29 ;  wliiltf  the  lower  portion  of  the  retinal  im¬ 
pression  a  L\  wiiM)e  projected  outward  and  upward, 
and  form  the^fcpward  streamers  of  Fig.  29.  To  prove 
this,  whilA^fe  streamers  are  conspicuous,  with  the  finger 
lift  up  ‘upper  lid :  immediately  the  lower  streamers 

vioH^^^plained  by  Priestley,  but  forgotten.  (“  Nature,”  vol.  xxiv,  p.  80, 

wY 
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disappear ;  now  press  down  the  lower  lid  :  immediately 
the  upper  streamers  disappear.  Also,  by  shutting  alter¬ 


nately  one  eye  and  the  other,  it  will  be  seen  that  a  b 
(Fig.  29)  belongs  to  the  right  eye  and  a'  V  to  the  left. 

The  much  lighter  diverging  side-rays  are  more  dif¬ 
ficult  to  account  for.  I  attribute  them  to  the  slight 
crinkling  of  the  mucus  covering  the  cornea  in  bringing 
the  lids  together. 

2.  Properties  of  the  Central  Spot,  and  of  its  Represen¬ 
tative  in  the  Visual  Field.— We  have  ali;e^  stated  that 
there  are  two  spots  on  the  retina  wl^^c^he  constituent 
layers  do  not  all  exist.  The  centKajQpot  is  destitute  of 
nearly  all  except  the  bacillary^** ;  the  blind  spot,  of 
all  except  the  fibrous  layer, 

The  central  spot  (macqtyi  centralis )  is  a  small  de¬ 
pression  not  more  tlian^Q)thirtieth  of  an  inch  in  diam¬ 
eter,  situated  directl^SJT  the  axis  of  the  eye,  or  what 
might  be  called  ^frepmth  pole  of  this  globe.  It  differs 
from  other  pa  War  the  retina  (a)  by  wanting  the  fibrous 
and  granulau-As^rs ;  therefore  the  retina  is  much  thin¬ 
ner  there the  spot  is  consequently  pit-shaped,  and 
on  thi^t&hount  is  often  called  the  fovea  centralis ,  or 
cental  pit.  Of  course,  the  absence  of  other  layers  ex- 
xlie  bacillary  layer  here  to  the  direct  action  of 
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liglit.  It  differs  again  (b)  by  the  presence  of  a  pale- 
yellow  coloring  matter  in  the  retinal  substance ;  hence 
it  is  sometimes  called  macula  lutea — the  yellow  spot. 
It  differs,  again,  ( [c )  in  a  finer  organization  than  any 
other  part  of  the  retina.  The  bacillary  layer  here  con¬ 
sists  only  of  cones,  and  these  are  far  smaller,  and  there¬ 
fore  more  numerous,  than  elsewhere ;  being  here,  as 
already  seen  (page  55),  only  to  F  of  an  inch 
in  diameter. 

Function  of  the  Central  Spot. — Every  point  on  the 
retina,  as  already  seen,  has  its  correspondent  or  repre¬ 
sentative  in  the  field  of  view.  Now,  what  is  the  rep¬ 
resentative  of  the  central  spot  ?  It  is  evidently  the 
point,  or  rather  the  line ,  of  sight,  and  a  small  space  im¬ 
mediately  about  it.  From  its  position  in  the  axis  of 
the  eye,  it  is  evident  that  on  it  must  fall  the  image 
of  the  object  or  part  of  the  object  looked  at,  and  of  all 
points  in  the  visual  line  or  line  of  sight.  N-o^  if  we 
look  steadily  and  attentively  on  any  spot  wall, 

and,  without  moving  the  eyes,  observe  tho£radation  of 
distinctness  over  the  field,  we  find  tlmQhe  distinctness 
is  most  perfect  at  the  point  of  sjgSN^nd  a  very  small 
area  about  that  point,  and  becom&Pless  and  less  as  we 
pass  outward  in  any  directioirvoward  the  margins  of 
the  field  of  view.  Standby  two  feet  from  the  wall,  I 
look  at  my  pen  held  at.J!d)p.?s  length  against  the  wall, 
and  of  course  see  thds^Sn  distinctly.  Looking  still  at 
the  same  spot,  I  i/TSyerthe  pen  to  one  side  eight  or  ten 
inches :  I  now^i^Tonger  see  the  hole  in  the  back  of  the 
pen.  I  movqriK4 two  feet  or  more  to  one  side  :  I  now 
no  longer^§^Hlie  shape  of  the  pen.  I  see  an  elongated 
object  o^hne  kind,  but  can  not  recognize  it  as  a  pen 
withcm4  turning  my  eyes  and  -bringing  its  image  on  the 
c^tM  spot.  Hence,  to  see  distinctly  a  wide  field,  as 
7 
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in  looking  at  a  landscape  or  a  picture,  we  unconsciously 
and  rapidly  sweep  the  line  of  sight  over  every  part,  and 
then  gather  up  the  combined  impression  in  the  memory. 
To  read  a  printed  page  we  must  run  the  eye  from  word 
to  word,  so  that  the  image  of  each  in  succession  shall 
fall  on  the  central  spot. 

Now,  the  point  of  sight  with  a  very  small  area  about 
it  corresponds  to  the  central  spot,  and  the  margins  of 
the  field  of  view  correspond  to  the  extreme  forward 
margin  of  the  retina.  Therefore  the  organization  of 
the  retina  for  distinct  perception  is  most  perfect  in  the 
central  spot,  and  becomes  gradually  less  and  less  perfect 
as  we  pass  toward  the  anterior  margin,  where  its  per¬ 
ception  is  so  imperfect  that  we  can  not  tell  exactly 
where  the  field  of  view  ends,  except  where  it  is  limited 
by  some  portion  of  the  face. 

Now,  what  is  the  use  of  this  arrangement  ?  Why 
would  it  not  be  much  better  to  see  eqi^^distinctly 
over  all  portions  of  the  field  of  view  Delie  ve  that 
the  existence  of  the  central  spot  is^Cpeessary  to  fixed, 
thoughtful  attention ,  and  this  agaA^n  its  turn  is  neces¬ 
sary  for  the  development  of  ttteyigher  faculties  of  the 
mind.  In  passing  down  animal  scale,  the  central 
spot  is  quickly  lost.  It  <Osts  only  in  man  and  the 
higher  monkeys.  In  ti^2lower  animals,  it  is  necessary 
for  safety  that  th^^yMld  see  well  over  a  very  wide 
field.  In  man.  otfivJle  contrary,  it  is  much  more  neces¬ 
sary  that  he  sl^ijjdbe  able  to  fix  undivided  attention  on 
the  thing  ♦hfejved  at.  This  would  obviously  be  impos¬ 
sible  if  q©u*  things  were  seen  with  equal  distinctness. 
This^sfl&ject  is  more  fully  treated  in  the  final  chapter 
of  fm^work.* 

iA  central  spot,  though  differing  from  that  of  man,  is  found  also  in 
Vsome  birds. — “American  Naturalist,”  vol.  xxx,  p.  24,  1896. 
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It  is  evident,  then,  that  distinctness  of  vision  is  a 
product  of  two  factors,  viz. :  first,  an  optical  apparatus 
for  distinct  image  on  the  retina ;  and,  second,  a  retinal 
organization  for  distinct  perception  of  the  image  thus 
formed.  These  two  factors  are  perfectly  independent  of 
each  other.  If  I  hold  up  my  pen  before  my  eye,  hut  very 
near,  and  then  look  at  the  sky,  the  outlines  of  the  pen 
are  blurred  because  the  retinal  image  is  so,  but  my  per¬ 
ception  is  perfect.  1  can  observe  with  great  accuracy 
the  exact  degree  of  indistinctness.  But  if  I  hold  the 
pen  far  to  one  side,  say  90°,  from  the  line  of  sight — on 
the  extreme  verge  of  the  field  of  view — it  is  again  in¬ 
distinct,  much  more  so  than  before,  but  from  an  entirely 
different  cause,  viz.,  imperfect  perception  of  the  retinal 
image.  In  fact,  my  perception  is  so  imperfect  that  I 
can  not  tell  whether  the  external  image  is  blurred 
or  not.  Thus  there  are  two  forms  of  indistinctness 
of  vision,  viz.,  indistinctness  from  imperial*  retinal 
image  and  indistinctness  from  imperfect  Qytonal  per¬ 
ception.  The  former  is  an  effect  of^fe  optical  in¬ 
strument,  the  latter  of  the  organizatS^Qof  the  sensitive 
plate.  /~\Q 

It  is  evident  from  the  that  an  elaborate 

structure  of  the  lens,  for  m^©ng  very  exact  images  of 
objects  on  the  margins  oL^fe  field  of  view,  wTould  be  of 
no  use  to  man  for  w^flvw  corresponding  distinctness 
of  perception  in  the^witerior  margins  of  the  retina. 
Therefore,  as  al^py  stated  on  page  31,  the  peculiar 
structure  of  crystalline,  viz.,  its  increasing  density 
to  the  centers  of  use  to  man  only  as  correcting  aber¬ 
ration,  aAj&iot  in  conferring  the  faculty  of  periscopism. 
In  the  INVer  animals,  however,  in  which  periscopism  is 
so^kapjprtant,  this  structure  of  the  lens  subserves  both 
pyposes.  So  far  as  this  property  is  concerned,  there- 

e> 
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fore,  the  structure  in  man  may  be  regarded  as  having 
outlived  its  use. 

The  central  spot  is  certainly  the  most  sensitive  and 
highly  organized  part  of  the  retina.  We  can  not  see 
accurately  unless  the  image  falls  on  this  spot.  And  yet 
it  is  a  curious  fact  that  other  parts  of  the  retina  are 
more  sensitive  to  mere  light  as  light  irrespective  of 
form  and  color.  In  very  faint  light  the  mere  presence 
of  an  object  may  be  detected  by  indirect  vision  when  it 
can  not  be  detected  by  direct  vision.  It  is  well  known 
that  a  faint  star  may  be  seen  by  looking  a  little  to  one 
side,  when  it  can  not  be  seen  if  looked  at  directly.  The 
same  is  true  of  any  very  faint  object  at  night. 

Minimum  Visibile. — Is  there  a  limit  to  the  smallness 
of  a  visible  point  ?  This  question  has  been  discussed  by 
metaphysicians.  But,  as  usually  understood  by  them, 
there  is  no  such  thing  as  a  minimum  visibile .  There  is 
no  point  so  small  that  it  can  not  be  seen  iMthere  be 
light  enough.  For  example :  a  fixed  star  (pray  oe  mag¬ 
nified  10  diameters,  100  diameters,  IrCJxf  diameters, 
5,000  diameters,  and  still  it  is  tos^Oa  mathematical 
point  without  dimensions.  How;  much  more,  there¬ 
fore,  is  it  without  dimensionsUoHfoe  naked  eye !  And 
yet  it  is  perfectly  visible.  Q)Iie  only  sense  in  which 
science  recognizes  a  minftum,  visibile  is  the  smallest 
space  or  object  which  Qhm)  be  seen  as  a  surface  or  as 
a  magnitude — the  impest  distance  within  which  two 
points  or  two  may  approach  each  other  and 

yet  be  perceitfg^  as  two  points  or  two  lines.  In  this 
sense  it  is  a, legitimate  inquiry ;  for  there  is  here  a  real 
limit,  wjwh  depends  on  the  perfection  of  the  eye  as 
an  instKhnent  and  the  fineness  of  the  organization  of 
th§0?r|na. 

X,  We  can  best  make  this  point  clear  by  showing  a 
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similar  property,  but  far  less  perfect,  in  the  lower  sense 
of  touch.  There  is  also  a  minimum  tactile . 

Experiment. — Take  a  pair  of  dividers ;  stick  on  each 
point  a  mustard-seed  shot,  so  that  the  impression  on  the 
skin  shall  not  be  too  pungent.  Now  try,  on  another 
person  whose  eyes  are  shut,  the  least  distance  apart  at 
which  two  distinct  impressions  can  be  perceived.  It 
will  be  found  that,  on  the  middle  of  the  back,  it  is  about 
3  inches ;  on  the  arm  or  back  of  the  hand,  it  is  about 
^  to  f  inch ;  on  the  palm,  about  J  inch  ;  on  the  finger¬ 
tips,  about  or  inch  ;  and  on  the  tip  of  the  tongue, 
about  Try  inch,  or  less. 

Now,  sight  is  a  very  refined  tact,  and  the  retina  is 
specially  organized  for  an  extreme  minimum  tactile. 
There  is  no  doubt  that  the  size  of  the  cones  of  the  cen¬ 
tral  spot  determines  the  minimum  visibile.  If  the  images 
of  two  points  fall  on  the  same  retinal  cone,  they  will 
make  but  one  impression,  and  therefore  be  seen  as  one ; 
but  if  they  are  far  enough  apart  to  impre&Jfcm)  cones, 
then  they  will  be  seen  as  two  points.  S^fcPso  of  an  ob¬ 
ject:  if  its  image  on  the  retina  be  wwncient  to  cover 
two  or  more  cones  of  the  centraf/yot,  then  it  will  be 
seen  as  a  magnitude.  Taking  ©ft  iameter  of  central- 
spot  cones  to  be  TT5V?r  (whid-lis  the  diameter  given  by 
some),  the  smallest  dista^gp oetween  two  points  which 
ought  to  be  visible  at  Winches  distance  is  of  an 
inch.  This  is  foundN|Pbe  about  the  fact  in  good  eyes. 

3.  Blind  Spot  and  its  Representative  in  the  Field  of 
ig,  the  spot  where  the  'optic  nerve  enters 
Objects  whose  images  fall  on  this 
spot  are*^ffK5lly  invisible.  It  is  for  this  reason  that  the 
point  l^jOrntrance  is  always  placed  out  of  the  axis,  about 
in^i  on  the  nasal  side.  For,  if  it  were  in  the  axis,  of 
coferee  the  image  of  the  object  we  looked  at  would  fall 
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on  this  spot,  and  the  object  would  consequently  disap¬ 
pear  from  view.  The  structural  cause  of  the  blindness 
of  this  spot  we  have  already  explained  on  page  57.  It 
is  the  absence  of  the  bacillary  layer ;  and  this  absence 
is  the  necessary  result  of  the  turning  back  of  the  fibers 
of  the  optic  to  terminate  in  the  bacillary  layer.  As  we 
shall  see  hereafter  (page  308),  the  blind  spot  is  peculiar 
to  the  vertebrate  eye.  The  existence  of  the  blind  spot 
may  be  easily  proved  by  experiments  which  any  one 
can  repeat. 

Experiment  1. — Make  two  conspicuous  marks,  A 
and  B,  a  few  inches  apart.  Then  shut  the  left  eye,  and 

© 

A  B 

while  looking  steadily  with  the  right  eye  at  the  left 
object,  A,  bring  the  paper  gradually  nearer  and  nearer : 
at  a  certain  point  of  approach,  in  this  ca^Vibout  7 
inches,  B  will  disappear  utterly.  Continue^^bring  the 
paper  nearer,  still  looking  steadily  at  ACVTit  a  certain 
nearer  point  B  will  reappear.  The  ^planation  is  as 
follows :  At  first,  when  the  papei^kfatf  considerable  dis¬ 
tance,  say  18  inches,  the  imag<^£l A  is,  of  course,  on 
the  central  spot,  for  the  a^^^of  the  eye  is  directed 
toward  this  point ;  but  th^jmage  of  B  falls  a  little  to 
the  internal  or  nasal  sidOpf  the  central  spot,  viz.,  be¬ 
tween  the  central  sp&K|md  the  blind  spot.  Now,  as  the 
paper  conies  nea?reDthe  eye  turns  more  and  more  in 
order  to  regarcLA^ the  image  of  B  travels  slowly  over 
the  retina  noskward  until  it  reaches  the  blind  spot,  and 
the  obj^tffldsappears.  As  the  paper  still  approaches, 
the  im^^bf  B  continues  to  travel  in  the  same  direction 
untilAt  crosses  over  the  blind  spot  to  the  other  side, 
\vnrn.  the  object  immediately  reappears. 
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Fig.  31. 


The  accompanying  diagram,  Fig.  31,  illustrates  this 
phenomenon.  Let  A  and  B  represent  the  two  objects, 
and  R  and  L  the  positions  of 
the  right  and  left  eyes  respec¬ 
tively.  The  right  is  drawn,  but 
the  left,  being  shut,  is  not 
drawn,  but  only  its  position  in¬ 
dicated  by  the  dot.  The  cen¬ 
tral  spot  is  represented  by  £,  in 
the  axis  A  c ,  and  the  blind  spot 
by  0,  where  the  optic  nerve  en¬ 
ters.  It  is  obvious  that  the 
image  a  of  the  object  A  will  be 
always  on  c,  and  the  place  of 
the  image  of  B  is  on  the  inter¬ 
section  b  of  the  line  B  b  with 
the  retina.  Now,  as  the  eye 
approaches  the  objects  A  and 
B ,  it  is  seen  that  the  image  b 
of  B  travels  toward  the  blind 
spot,  o.  At  the  second  position 
of  the  eye,  R\  it  has  not  reached 
it.  At  the  third  position,  R'\  it 
is  upon  it.  At  the  fourth  posnS 
tion,  R"\  it  has  already  eroded 
over  and  is  now  on  theQper 
side.  At  the  third  ponh^h,  R'\ 
the  object  B  di^pp®irs  from 
view.  The  distance  at  which 
the  disappea]^*^  takes  place  will,  of  course,  depend 
on  the  durance  between  the  objects  A  and  B ..  If 
these  inches  apart,  then  the  disappearance  on 

approach  from  a  greater  distance  takes  place  at  about 
;,  and  the  reappearance  at  about  10  inches.  If 
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the  objects  be  1  foot  apart,  then  the  disappearance  takes 
place  at  48  inches,  and  the  repearance  at  38  inches. 

Experiment  — Place  a  small  piece  of  money  on 
the  table.  Shutting  the  left  eye,  look  steadily  with  the 
right  at  a  spot  on  the  table  a  little  to  the  left  of  the 
piece,  and  move  the  piece  slowly  to  the  right  while  the 
point  of  sight  remains  fixed ;  or  else,  the  piece  of  money 
remaining  stationary,  move  the  point  of  sight  slowly  to 
the  left.  At  a  certain  distance  from  the  point  of  sight 
the  piece  will  disappear  from  view.  Beyond  this  dis¬ 
tance  it  will  reappear. 

Experiment  3. — The  experiment  may  be  varied  in 
many  ways.  If,  when  the  object  B  has  disappeared 
from  view  in  the  first  experiment,  we  open  the  left  eye 
and  shut  the  right,  and  look  across  the  nose  at  the 
object  B ,  then  A  will  disappear.  Thus  we  may  make 
them  disappear  alternately.  If,  finally,  we  squint  or 
cross  the  eyes  in  such  wise  that  the  right  eyeball  look 
at  the  left  object  A ,  and  the  left  eye  at  tltf&^ht  object 
B  (the  two,  A  and  B ,  had  best  be  sirqil^  m  this  case), 
then  B  will  fall  on  the  blind  spot  right  eye  and 

A  on  the  blind  spot  of  the  left^S^nd  they  will  both 
disappear ;  but  a  combined  image*?  of  A  and  B  on  the 
central  spots  of  the  two  eyes03fll  be  seen  in  the  middle. 
This,  however,  is  a  phejgpienon  of  binocular  vision, 
and  will  be  explained  fjQ^er  on  (see  page  131). 

Experiment  ^yty  object,  if  not  too  large,  may 
be  made  to  dis^pjpar  by  causing  its  image  to  fall  on 
the  blind  spo£* ^For  example:  From  where  I  now  sit 
writing  thcjr^oor  is  distant  about  10  feet.  I  shut  my 
left  eyo^©Mook  at  the  door-knob.  I  now  slowly  re- 
moveS^e  point  of  sight  and  make  it  travel  to  the  left, 
bujbat  the  same  level ;  when  it  reaches  about  3  feet  to 
left,  the  door-knob  disappears ;  when  it  reaches  4 
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feet,  it  reappears.  Precisely  in  the  same  way  a  bright 
star  or  planet,  like  Venus  or  Jupiter,  or  even  the 
moon,  may  be  made  to  disappear  completely  from 
sight. 

Size  of  the  Blind  Spot. — As  every  point  in  the  retina 
has  its  representative  in  the  visual  field,  it  is  evident 
that  the  size  of  the  invisible  spot  is  determined  by  the 
size  of  the  blind  retinal  spot.  We  may,  therefore, 
measure  the  latter  by  the  former.  I  have  made  many 
experiments  to  determine  the  size  of  the  invisible  spot. 
At  the  distance  of  feet  (42  inches)  I  find  the  invisi¬ 
ble  spot  12  inches  from  the  point  of  sight,  and  3^  inches 
in  diameter ;  i.  e.,  a  circle  of  3^  inches  will  entirely  dis¬ 
appear  at  that  distance.  Taking  the  nodal  point  of  the 
lenses  or  the  point  of  ray  crossing  at  §  of  an  inch  in  front 
of  the  retina  (it  is  a  very  little  less),  an  invisible  spot  of 
3|  inches  at  a  distance  of  3£  feet  would  require  a  blind 
retinal  spot  of  a  little  more  than  <nr  inch  in  diameter. 
At  36  feet  distance  the  invisible  area  woid^h®  3  feet ; 
it  would  cover  a  man  sitting  on  the  gi*^d.  At  100 
yards  distance  the  invisible  area  woul^&over  a  circle  of 
8  feet  diameter.  In  a  word,  therapgular  diameter  of 
the  invisible  spot  is  a  little  morQjian  4£°.  Helmholtz 
makes  it  a  little  larger  than  tm§. 

Representative  in  the  Visual  Field  of  the  Blind  Spot. — 
Since  every  condition  of^Ie  retina  has  its  visible  repre¬ 
sentative  in  the  field  M^iew,  it  may  be  asked,  “  If  there 
be  a  blind  spot,  plQdo  we  not  see  it,  when  we  look  at 
a  white  wall  or  maglit  sky,  as  a  black  spot,  or  a  dusky 
or  dim  spot^iRi  peculiar  spot  of  some  kind  ?  ”  I  an¬ 
swer  :  both  eyes  open  there  are,  of  course,  two 

fields  hf^ew  partly  overlapping  each  other.  Now  the 
invisible  spots  in  these  two  fields  do  not  correspond, 
und therefore  objects  in  the  invisible  spot  of  one  eye 
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are  seen  perfectly  by  tlie  other  eye,  and  hence  there 
is  no  invisible  area  for  the  binocular  observer.  But  it 
will  be  objected  that  even  with  one  eye  we  see  no  pecul- 
iar  spot  on  a  white  wall.  I  therefore  add :  2.  That  we 
see  distinctly  only  a  very  small  area  about  the  point  of 
sight,  and  distinctness  decreases  rapidly  in  going  from 
this  point  in  any  direction.  Therefore  the  correspond¬ 
ent  or  representative  in  the  field  of  view  may  well  be 
overlooked,  unless  it  be  conspicuous,  i.  e.,  strongly  dif¬ 
ferentiated  from  the  rest  of  the  general  field.  3.  But  if 
this  were  all,  close  observation  would  certainly  detect  it. 
The  true  reason  is  very  different,  and  the  explanation  is 
to  be  sought  in  an  entirely  different  direction.  Writers 
on  this  subject  have  expected  to  find  a  visible  representa¬ 
tive,  and  have  sought  diligently  but  in  vain  for  it.  But 
the  fact  is,  they  ought  not  to  have  expected  to  find  it. 
The  expectation  is  an  evidence  of  confusion  of  thought 
— of  confounding  blackness  or  darkness  with  abduce  of 
visucd  activity.  Blackness  or  darkness  is  itsMf  but  the 
outward  projection  of  the  unimpressed  staQvof  the  bacil¬ 
lary  layer;  but  there  is  no  bacillart([^er  here.  We 
might  as  well  expect  to  see  a  dark-^6ot  with  our  fingers 
as  in  the  representative  of  theVhMnd  spot.  A  black 
spot,  or  a  dark  spot,  or  a  vj^jble  spot  of  any  kind,  is 
not  the  representative  in  jygtee  of  a  blind  or  insensitive 
retinal  spot.  The  true^Qjpresentative  of  a  blind  spot 
is  simply  an  invisibljjsffiti  or,  in  other  words,  a  spot  in 
which  objects  areffioMeen.  If  we  could  differentiate  it 
in  any  way,  it  woula  be  visible ,  which  it  is  not.  As  it 
can  not  be  d^Si-entiated  in  any  way,  the  mind  seems 
to  extenj  general  ground  color  of  the  neighboring 
field  o£^%bw  over  it.  This  is,  however,  a  psychological 
ratheAthan  a  visual  phenomenon.  It  is  for  a  similar 
misro  that  it  is  impossible  to  see  any  limit  to  the  field 
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of  view,  except  where  it  is  limited  by  the  parts  of  the 
face,  as  nose,  brows,  etc.  There  is  a  certain  limit  hori¬ 
zontally  outward  where  vision  ceases,  but  it  is  impos¬ 
sible  to  detect  any  line  of  demarcation  between  the 
visible  and  the  invisible. 

But  if  we  can  not  see  the  representative  of  the  blind 
spot — i.  e.,  the  invisible  spot — we  can  under  certain 
conditions  detect  its  exact  place  in  the  field.  The 
phenomenon  now  about  to  be  described  can  not  be  seen 
during  the  day  when  the  retina  is  constantly  stimulated, 
and  therefore  less  sensitive,  but  may  be  easily  observed 
on  waking  up  in  the  middle  of  the  night,  or  in  early 
morning  when  the  retina  is  exceptionally  sensitive. 

Experiment  5 . — If  on  first  waking  in  the  morning 
the  lids  be  closed  and  the  eyes  be  turned  quickly  and 
strongly  to  one  side  or  the  other,  as  if  to  look  at  a  point 
on  the  extreme  verge  of  the  visual  field,  two  brilliant 
circles  of  radiating  lines  surrounding  each  a  blank 
space  are  momentarily  seen  flashing  out  i^CAe  dark 
field  on  each  side  of  the  point  of  sight>0)n  turning 
the  eyes  strongly  in  the  opposite  dire^Gbn  they  again 
flash  out  on  the  dark  field  on  th&C&tlier  side,  at  the 
moment  of  extreme  strain  of  the^oftmar  muscles.  The 
phenomenon  is  especially  brilliljkt  if  the  visual  plane  be 
lowered  or  turned  toward^lW  feet.  In  Fig.  32,  the 
curve  represents  the  spdjm  concave.  The  eyes  are 
shown  turned  strongl^N^tne  right  and  directed  on  Ps^ 
the  point  of  sight^lQ)  the  bright  circle  on  each  side. 
The  dotted  lines  Show  position  of  the  eyes  turned  to 
the  left  and  tjjx^lace  of  the  bright  circles. 

The  pl)«£Nmnenon  is  really  extremely  brilliant  and 
conspictt^^;  but  on  account  of  its  flashing  momentari¬ 
ness,  ahd  still  more  on  account  of  the  position  of  the 
emu©  a  little  removed  from  the  point  of  sight,  where 
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alone  form  is  given  accurately,  it  is  difficult  to  make  an 
exact  picture.  In  Fig.  32,  I  give  it  as  nearly  as  I  can. 

Now  there  can  be  no  doubt  that  we  have  here  indi¬ 
cated  the  exact  place  of  the  invisible  spot.  The  blank 
spaces  from  which  the  bright  rays  diverge  are  the 


Fig.  32. 


Diagram  showing  Place  of  the  Inyis 


Spots  in  the  Field  of  Vision, 


A2) 

representatives  of  the  bMyJ^spots  or  places  of  entrance  of 
the  optic  nerves,  an1$N$ne  circles  of  bright  rays  are  the 
representatives  c^tn^immediately  surrounding  bacillary 
layer.  The  parrs  surrounding  the  invisible  spot  are 
diff erentiated^bo tl i  from  it  and  from  the  general  field 
of  darknd^and  thus  the  place  of  that  spot  is  exactly 
indical^jp  The  cause  of  the  phenomenon  is  obviously 
the^^ain.  on  the  optic  nerves  by  pulling  and  bending, 
quick  and  violent  turning  of  the  eyeballs. 
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Two  bright  circles  are  seen,  one  on  each  side  of  the 
point  of  sight.  One  belongs  to  each  eye.  Which  be¬ 
longs  to  which  ?  The  answer  to  this  question  belongs 
to  binocular  vision  ;  but  we  will  say  now  in  passing  that 
since  the  entrance  of  the  optic  nerve  is  on  the  nasal 
side  of  the  central  spot,  and  since,  as  we  shall  see  later, 
(page  116),  impressions  on  the  two  nasal  halves  of  the 
retinae  produce  liomonymously  double  images,  in  this 
case  the  bright  circle  on  the  right  of  the  point  of  sight 
belongs  to  the  right  eye  and  that  on  the  left  to  the  left 
eye  always.  I  find,  in  looking  to  the  right,  the  left 
circle,  and  to  the  left,  the  right  circle  is  the  more 
brilliant. 


SECTION  III.— COLOR  PERCEPTION.  * 

Thus  far  we  have  spoken  of  the  perceplmh  of  light 
so  far  as  concerns  brightness  or  intensit^laila  direction. 
We  come  now  to  speak  of  the  per<^>pbn  of  light  as 
color . 

Intensity  versus  Color. — A^tkore  are  two  kinds  of 
perception  of  sound — viz.,  si0ple  sound  or  sound  as 
noise,  loud  or  faint,  and  s<  as  tone  or  musical  pitch, 
high  or  low — so  there  g^wjfcwo  kinds  of  perception  of 
light — viz.,  light  as  ifi&nsiti/  or  brightness  or  shade,  and 
light  as  color.  In  1)0x11  sound  and  light,  the  one  is  a 
question  of  str^gth  of  vibration  or  wave-height,  the 
other  of  rate0f  vibration  or  wave-length.  The  range 
of  percepjffljie  vibrations  in  the  case  of  hearing  or  tones 
is  very  gheat,  from  ten  to  eleven  octaves — i.  e.,  from 
sixteen  per  second  to  thirty-two  thousand  per  second  ; 
itF  case  of  light  or  color  only  about  one  octave,  for 
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the  rate  of  vibration  of  an  extreme  violet  ray  is  only 
about  double  that  of  an  extreme  red. 

Primary  versus  Secondary  Colors. — Again,  we  must 
distinguish  between  pure  or  primary  colors  and  mixed 
or  secondary  colors.  The  primary  colors  are  those  which 
can  not  be  made  by  any  mixture  of  others,  and  are  few  in 
number.  Secondary  colors  are  such  as  can  be  so  made, 
and  are  infinite  in  number.  Again,  pure  colors  may  be 
mixed  not  only  with  one  another,  but  also  in  all  pro¬ 
portions  with  white  and  with  black.  The  former  mix¬ 
tures  have  been  called  tints ,  the  latter  shades ,  or  else  all 
may  be  called  shades.  There  is  some  difference  of 
opinion  as  to  which,  and  how  many,  colors  should  be 
called  primary.  This  depends,  partly  at  least,  on  the 
point  of  view,  whether  physical  or  physiological. 
Brewster  made  three  primary  colors — viz.,  red,  yellow, 
and  blue — regarding  green  as  a  mixture.  Yqung  and 
Helmholtz,  and  most  physicists,  make  als^Tfqpe ;  but 
they  are  red,  green,  and  violet,  regardim^ellow  as  a 
mixture.  Brewster  rejected  green  becMfce  of  the  well- 
known  fact  that  purest  pigment-bh^Mmxed  with  purest 
pigment-yellow  makes  a  fine  gr^elVX  True  enough ;  but 
the  superposition  of  the  yello^ot  the  spectrum  on  the 
blue  of  the  spectrum  does  Q)t  make  green.  On  the 
contrary,  they  kill  one  a»&3ier  and  make  a  gray.  This 
is  really  the  true  pigments  are  never  pure 

colors.  Both  chro^^yellow^  and  ultramarine  blue  con¬ 
tain  green.  WSgjJ  they  are  mixed,  the  yellow  and  blue 
kill  one  anofcl^jfc  and  the  green  of  both  comes  out.  On 
the  otherjQhd,  all  the  later  physicists  rightly  reject 
yellow^afcause  this  color  is  made  by  the  superposition  of 
spectraVred  and  spectral  green.  From  the  physical 
p^r^of  view,  therefore,  green  and  not  yellow  is  a  pri¬ 
mary  color.  From  this  point  of  view  the  three  primary 
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colors  may  be  regarded  as  spread  out,  each  over  the 
whole  spectrum,  but  in  greatest  abundance  the  red  at 
one  end,  the  violet  at  the  other,  and  the  green  in  the 


Fig.  33. 
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Diagram  showing  the  Distribution  in  the  Spectrum  op  the  Three 
Primary  Colors  op  Young  and  Helmholtz. 

middle,  as  shown  in  the  diagram  (Fig.  33).*  The  in¬ 
termediate  colors  as  seen  are  mixtures  by  overlap. 

Hering  takes  up  the  subject  from  a  wholly  different 
point  of  view — physiological  instead  of  physical.  He 
investigates  colors  as  sensations  without  reference  to 
any  physical  considerations.  From  this  point  of  view 
he  makes  six  primary  color-sensations  essentially  dis¬ 
tinct  from  one  another — viz.,  white,  black^red,  yellow, 
green,  and  blue.  Or,  if  we  relegate  wlu-Qvmd  black  to 
the  category  of  shades  instead  of  — of  intensity 

instead  of  quality,  for  which  we^^fogive  reasons  here¬ 
after — then  by  Hering’ s  view<Ltft©re  are  four  primary 
color-sensations — viz.,  red,  j0)ftow,  green,  and  blue. 
How,  it  can  not  be  denied®>at  from  the  pure  point  of 
view  of  sensation,  unj^lasmfifl  by  any  physical  considera¬ 
tions,  Hering  is  ri«d«^  Red,  yellow,  green,  and  blue 
are  certainly  perf^cjjfy  distinct  color-sensations  irresolv¬ 
able  into  any*ofijers  or  mixture  of  others,  and  they  are 
the  only  c^^^tlius  irresolvable.  This  was  recognized 

*  Ilelwpkz,  in  his  latest  utterances,  adopts  extreme  blue  instead  of 
the  upper  primary..  (Stevens,  vice-president’s,  address,  p.  19, 


1895.)  His  three  primaries  are  carmine  red,  yellowish  green, 
ftramarine  blue. 
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long  ago  by  Leonardo  da  Vinci.*  In  orange  and  scar¬ 
let  we  distinctly  see  both  red  and  yellow ;  in  purple  we 
see  blue  and  red ;  and  even  in  violet,  one  of  the  pri¬ 
maries  of  the  physicists,  we  see  distinctly  blue  with  a 
glow  of  red.  Further,  Hering  draws  attention  to  the 
fact  that  his  primaries  consist  of  two  pairs  (or  three 
pairs  if  we  include,  as  he  does,  white  and  black)  of 
compleinentaries  which  by  mixture  destroy  one  an¬ 
other — viz.,  red-green  and  yellow-blue.  The  impor¬ 
tance  of  this  in  Ilermg’ s  theory  will  be  seen  hereafter. 

We  have  taken  white  and  black  out  of  the  category 
of  colors.  Hering  is  undoubtedly  right  in  regarding 
these  as  distinct  sensations,  irresolvable  into  any  other 
or  mixture  of  others,  but  not  as  c^for-sensations.  Black 
to  the  physicist  is  a  negation  of  light,  but  it  is  a  very 
positive  sensation  to  consciousness  and  entirely  different 
from  darkness  ;  so  also  white  is  a  perfectly  pure  sensa¬ 
tion.  We  indeed  know  that,  physically,  is  pro¬ 

duced  by  a  mixture  of  all  the  spectral  colq0pbut  we  do 
not  see  these  in  white.  But,  although  indeed  true 
that  white  and  black  are  pure  seiu&^ns,  yet  I  do  not 
think  that  color  is  the  proper/^vcfrd  for  them.  As  a 
mixture  of  all  rates  of  aerial  ^Orations  produces  noise, 
not  musical  tone,  so  a  mixtiQb  of  all  rates  of  ethereal 
vibrations  produces  whiteX&bt  color.  Therefore  it  is  best 
to  put  white  and  bMk;  but  of  the  category  of  colors 
into  that  of  intensi^\h*  shades  ;  and  from  this  point  of 
view,  since  shad^s^ire  of  every  grade,  we  may  speak  of 
all  shades  white  to  black  as  one  sensation — viz., 

gray- 

Theories  of  Color  Perception. — General  Account. — 1. 

The  perception  of  color  is  a  simple  perception,  incapa- 
analysis,  and  therefore  is  doubtless  connected 
*  “Science,”  vol.  i,  p.  472,  1895. 
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with  retinal  structure  of  some  sort.  2.  Further,  there 
is  much  reason  to  believe  that  it  is  an  endowment  of 
.  the  cones,  but  not  of  the  rods — that  the  rods  perceive 
light  only  as  light  or  intensity,  not  as  quality ;  or  more 
specifically  that  the  rods  perceive  white  and  black  and 
all  shades  of  gray  between,  but  not  colors.  The  cones 
perceive  all  shades  also,  but,  in  addition,  colors.  The 
reason  for  believing  so  is  as  follows :  As  already  said 
(page  55),  the  bacillary  layer  in  the  central  spot  con¬ 
sists  of  cones  only,  and  in  going  thence  outward  in  all 
directions  the  cones  become  less  and  less  numerous 
among  the  rods  until  at  the  anterior  margin  of  the 
retina  there  are  no  cones  at  all,  but  only  rods.  Now,  as 
the  representative  of  these  facts  in  the  field  of  view,  we 
find  that  the  perception  of  color  is  most  perfect  at  the 
point  of  sight,  and  becomes  less  and  less  so  as  we  go 
outward  in  all  directions,  until,  on  the  extreme  margins 
of  the  field  of  view,  it  is  wholly  wanting.  other 
words,  the  distribution  of  color  perceptionJ&ptHe  field 
of  view  corresponds  perfectly  to  the  distillation  of  the 
cones  in  the  retina.  Cy 

Again,  3,  it  is  further  believgdfjhat  color  is  per¬ 
ceived  by  means  of  some  kind  (^^mysical  response  to 
light-vibrations  of  different  rafe§^  and  the  simplest  con¬ 
ception,  and  that  which  ^3  first  adopted,  is  of  re¬ 
sponsive  vibration  on  tlfi^part  of  the  cones  of  the 
retina.  Musical  pitclMjcperceived  by  responsive  vibra¬ 
tions  of  the  rods  oftlorti,  which  have  graduated  lengths 
like  the  strings  gf  a  piano,  adapted  to  co- vibrate,  each 
with  its  owi^^itch.  So  it  has  been  supposed  that 
different  <&d5Jks,  or  possibly,  as  suggested  by  Stanly 
Hall,  difi^rbnt  parts  of  the  same  cone,  are  structurally 
adanfc&&  to  co-vibrate  with  different  rates  of  ethereal 
v&ration,  and  give  rise  to  different  sensations  of  color. 
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This  is  the  simplest  conception  of  the  process ;  bnt  it  is 
now  far  more  probable  that  it  is  due  rather  to  a  photo¬ 
chemical  change  in  a  peculiar  substance  or  peculiar  sub¬ 
stances,  which  we  may  call  color-substances  *  in  the 
cones.  As  the  iodized  plate,  so  these  color-substances 
in  the  retina  are  differently  affected  by  light  of  dif¬ 
ferent  rates  of  vibration. 

The  general  theory  given  above  is  universally  ac¬ 
cepted  ;  but  when  we  attempt  to  express  more  definitely 
the  physical  correspondent  of  the  perception  of  different 
colors,  then  our  theory  becomes  more  hypothetical. 
There  are  several  such  special  theories.  They  are  ac¬ 
ceptable  in  proportion  as  they  explain  the  phenomena. 

Young-Helmholtz  Theory. — According  to  the  Young- 
Helmholtz  theory  of  three  primary  colors,  there  are 
three  distinct  kinds  of  retinal  cones,  which  respond  re¬ 
spectively  to  three  rates  of  ethereal  vibrcdion,  and 
give  rise  to  the  perception  of  the  tlm^primary 
colors.  If  the  vibrations  are  of  such  rtgp'as  to  find 
response  in  only  one  kind  of  cone,  weAaVe  pure  color; 
but  if  of  intermediate  rates  so  a*Xj^  affect  two  kinds 
have  mixed  colors ;  if  they^tffBt  equally  all  kinds, 


we 


<p 


we  have  white.  Or  else  vfe  may  say  that  there  are 
three  color-substances,  eaclQmoto-chemically  sensitive 
to  one  of  the  three  prim^  colors,  but  when  two  kinds 
or  all  kinds  are  affedgp&hey  give  rise  to  mixed  colors 
or  to  white  of  varispk  shades  or  grays. 

Hering’s  Theory. — Leaving  out,  for  reasons  already 
given,  whitefed  black  from  the  category  of  colors,  ac¬ 
cording  toQfbring,  in  the  retinal  cones  are  found  two 
kinds^^olor-substance,  each  of  which  is  photo-chem- 
icallySiffected  in  two  opposite  ways,  viz.,  by  decompo- 

bserve,  not  colored  substances  but  color-substances,  i.  e.,  sub- 
^gtances  which  by  photo-chemical  change  produce  the  sensation  of  color. 
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sition  and  recomposition — by  destruction  and  restitution, 
by  katabolism  and  anabolism.  These  two  color-sub¬ 
stances  by  opposite  affections  give  rise  to  two  pairs  of 
complementaries,  one  to  red-green  and  the  other  to 
yellow-blue ;  and  the  essential  nature  of  comple¬ 
mentariness,  especially  their  mutual  destructiveness, 
is  thus  easily  explained.  This  accords  well  also  with 
the  artist  view  of  colors  embodied  in  the  terms  warm 


Fig.  34. 


Diagram  to  illustrate  Hering’s  Theory  of  Coloi>^S$ion.— R  G  =  red- 
green;  Y B  =  yellow-blue,  strong  line;  W H=  wA^^ (After  Foster.) 


(red  and  yellow)  and  cool  (gr^e^  and  blue),  the  one 
more  fatiguing  because  desti(Cytive,  the  other  more 
restful  because  restitutive.  0ig.  34,  taken  from  Foster, 
is  an  attempt  to  graphic*®^  represent  ITering’s  view. 
The  horizontal  line  represents  the  extent  of  the 
visible  spectrum.  (TSr  places  of  the  spectral  colors  are 
represented  by vertical  lines  from  the  letters  7?,  Or , 
Z,  Gr ,  Bl ,  F.QFhe  vertically  lined  space  represents  the 
affections^^Jhe  red-green  substance,  and  the  horizon¬ 
tally  lineS^pace  the  affections  of  the  yellow-blue  sub- 
stan^BK^In  each  the  space  above  the  horizontal  line 
n  &J3tfows  katabolism  or  positive  work  or  decomposi- 
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tion  ;  and  tlie  space  below,  anabolism  or  negative  work 
or  restitution.  The  strong  line  wh  w/i  shows  the  dis¬ 
tribution  of  light  irrespective  of  color,  i.  e.,  white  light 
throughout  the  spectrum.  This  line  is  supposed  to 
show  the  affections  of  the  so-called  white-black  sub¬ 
stance,  but  it  can  express  only  katabolic  and  not  anab¬ 
olic  changes,  and  therefore  white  only,  not  black,  ex¬ 
cept  as  absence  of  light. 

Mrs.  Franklin’s  Theory. — Mrs.  Franklin  has  recent¬ 
ly*  brought  forward  a  theory  which  has  deservedly 
attracted  much  attention.  According  to  her,  there  are 
insuperable  objections  to  both  the  current  theories. 
The  objection  to  Helmholtz’s  theory  is  its  failure  to 
explain  the  phenomena  of  color-blindness,  as  will  be 
shown  in  connection  with  that  subject.  The  objec¬ 
tion  to  Hering’s  theory  is  that  some  of  its  suppositions 
are  in  conflict  with  the  most  fundamental  principles  of 
physiology.  According  to  Hering,  the  compbmentary 
pair  red-green  is  the  result  of  opposite ^processes,  de¬ 
structive  and  constructive,  katabolic  Al  anabolic,  in 
the  same  color-substance ;  and  so  of  the  pair  yel¬ 
low-blue.  Therefore  activity  /Or  energy  (for  surely 
there  is  some  energy  expen^cKm  the  perception  of 
green  or  blue)  may  be  gene©fced  by  re-composition,  re¬ 
construction,  anabolism.  <2feut  it  is  a  fundamental  prin¬ 
ciple  in  physiology  th^gymal  energy  is  produced  always 
at  the  expense  of  tjslpe — is  generated  always  by  katabo- 
lism.  Construd^e  work  does  not  and  can  not  create 
but  only  coj^tjme,  can  not  set  free  but  only  absorb 
energy.  3£^gative  energy  seems  a  contradiction  in 
terms.^X^o  the  physiologist  this  will  seem  a  fatal 
objectimi.  But  perhaps  the  psychologist  may  ask : 

eitschrift  fur  Psych,  und  Physiol,  der  Sinnesorgane,’"  B.  J.  IV, 
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“  May  there  not  be  definite  states  of  consciousness  cor¬ 
responding  also  to  restitutive  processes  ?  Are  states  of 
consciousness  necessarily  associated  with  expenditure  of 
energy  ?  ”  So  much  for  the  objections  to  other  theo¬ 
ries.  Now  her  own. 

Mrs.  Franklin  *  supposes  that  there  exists  in  all 
parts  of  the  retina  a  fundamental  visual  substance  which 
by  photo-chemical  change  affects  the  retina  in  such  wise 
as  to  produce  the  sensation  of  white  of  all  shades,  and 
which  therefore  may  be  called  gray  substance.  This 
is  always  present  in  all  parts  of  the  retina,  and  in  the 
history  of  the  evolution  of  the  eye  was,  at  first,  the 
only  one.  In  the  cones,  but  not  in  the  rods,  some  of  this 
substance  is  differentiated  at  first  into  two  color-sub¬ 
stances,  yellow  and  blue,  and  finally  into  three  color- 
substances,  red,  green,  and  blue,  some  of  the  yellow  sub¬ 
stance  having  been  secondarily  differentiated  into  red 
and  green  substances.  Mixed  colors,  as  in  other^heories, 
are  due  to  simultaneous  affections  of  tw&Jor  more 
color-substances  in  varying  proportions^rounlight  de¬ 
composes  all  in  proportions  exactly,* <fljp,esponding  to 
the  composition  of  the  gray  substapps,  and  therefore 
produces  the  same  sensation— fiiijact,  may  be  said  to 
reconstitute  the  gray  substanc^s^  Yellow  light  decom¬ 
poses  the  red  and  green  si^tance  in  proportions  cor¬ 
responding  to  the  orismfu))  composition  of  the  yellow 
substance  ;  in  fact,  li^Tbe  said  to  reconstitute  the  yel¬ 
low  substance,  and**  therefore  produces  the  same  sensa¬ 
tion.  Thus  tJi^y>erception  of  white  or  gray  may  be 
due  either  to^hoto-chemical  change  in  undifferentiated 
gray  subsMkcte,  as  is  doubtless  the  case  in  the  rods,  or 
to  decomposition  of  all  the  color  substances  in  propor- 

Mrs.  Franklin’s  theory  substantially  as  I  understand  it.  In 
tl^^ttempt  to  make  it  clear,  I  have  left  out  many  details. 
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lions  reconstituting  gray  substances,  as  is  probable  in 
the  cones.  Similarly  the  perception  of  yellow  may  be 
due  either  to  photo-chemical  change  of  some  undiifer- 
entiated  yellow  substance,  or  else  to  the  decomposi¬ 
tion  of  the  red  and  green  color- substances  in  proportions 
reconstituting  yellow  substance.  Both  white  or  gray 
and  yellow  would  on  this  view  be  primary  sensations, 
'  because  they  were,  and  still  are  largely  due  to  the  de¬ 
composition  of  original  substances. 

Color-Blindness. 

The  defects  of  the  eye  already  treated  in  Chapter  II, 
Section  II,  are  defects  of  the  image-forming  instrument ; 
color-blindness  is  a  defect  of  the  receiving  plate,  a  de¬ 
fect  of  retinal  structure.  As  before  we  treated  first 
the  structure  of  the  normal  instrument,  and  then  of 
its  defects,  so  now,  having  given  the  supposed  normal 
retinal  structure,  we  come  to  treat  of  its  defers. 

What  is  Color-blindness  ? — Many  perso^MCK  a  nice 
discrimination  of  colors  and  their  shj^s.  Such  per¬ 
sons  may  see  colors  perfectly  well^^pt  from  want  of 
attention  and  culture,  and  espoei^Dy  for  want  of  any 
accepted  standard  of  colors  ajUuMaieir  names,  have  not 
learned  to  discriminate  and  i^ie  them.  This  must  not 
be  confounded  with  colorblindness.  The  color-blind 
do  not  see  some  cohb^Mfrt  all  as  colors,  but  only  as 
shades.  The  defeciS^not  one  of  culture  but  of  sensa¬ 
tion,  and  tlieref^rejm  retinal  structure.  An  example 
will  make  thi^lam.  In  the  commonest  form  of  this 
defect,  the  (g^hsations  of  red  and  green  are  wanting. 
To  su<$\£v*person  the  bright-green  leaves  and  bright- 
red  buries  of  a  cherry  orchard  in  full  fruit,  or  red 
flowers  and  the  green  lawn  on  which  they  grow,  would 
/fceem  nearly  or  quite  of  the  same  tint,  and  neither  of 
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them  red  or  green,  but  both  of  them  gray, 
cliard  or  lawn  would  present  the  same  appearance  to 
their  naked  eyes  as  would  its  stereograph  viewed  in  a 
stereoscope  to  the  normal  eye.  For  the  iodized  plate 
too  is  color-blind. 

A  comparison,  again,  of  the  eye  and  ear  in  this  re¬ 
gard  is  instructive.  The  limits  of  perception  of  sound - 
vibrations  are  very  wide,  viz.,  sixteen  per  second  to 
more  than  thirty-two  thousand  per  second,  or  about 
eleven  octaves  ;  the  limits  of  perception  of  light-vibra¬ 
tions  are  very  restricted,  only  about  one  octave.  Now, 
in  some  ears  the  extreme  limit  is  not  perceived,  but 
this  is  not  considered  a  grave  defect,  for  there  is  no 
special  use  for  the  extremest  range.  In  the  eye,  too, 
the  extreme  limits,  though  so  narrow,  are  sometimes 
not  reached,  but  in  this  case  the  usefulness  of  the  whole 
range  makes  this  a  serious  defect.  This  is  color-blind¬ 
ness.  In  the  ear  the  vibrations  most  comn^mly  un¬ 
perceived  are  at  the  upper  end  of  the  s^^.  In  the 
eye  the  defect  is  usually  at  the  lower  an^middle  parts 
of  the  scale ;  red  or  red  and  green  unperceived. 
The  red-green  blind  see  yellow^mS  blue  perfectly 
well.  ,  0X 

But  between  the  ear  ancVvye  there  is  this  funda¬ 
mental  difference  :  In  tlie(gpe  of  the  ear  the  defect  of 
perception  on  the  extr^^  limit  of  range  is  one  not 
only  of  pitch,  but  alsj^Hsound ;  while  in  the  case  of  the 
eye  it  is  only  oij^cMor,  and  not  at  all  of  light.  This 
shows  a  prol^aMe  essential  difference  in  the  nature  of 
the  response^T^Sflie  two  cases. 

Explanation  of  Color-blindness. — The  severest  test  of 
the  thea$es  of  color  perception  is  their  application  in 
tke^e^lanation  of  color-blindness.  The  general  theory 
Aims  defect  is,  that  one  or  more  of  the  normal  ret- 
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inal  elements  or  retinal  color-substances  is  wanting. 
Let  us  try  the  several  theories  by  this  test. 

1.  Helmholtz’s  Theory. — Perhaps  the  most  commonly 
wanting  of  all  colors  is  red.  According  to  this  theory 
the  defect  in  these  cases  consists  in  the  absence  of  the 
red  color-substance.  The  normal  eye  is  trichromic,  the 
red-blind  eye  is  dichromic.  Now,  it  is  certainly  true 
that  the  color-blind  eye  is  dichromic;  but,  as  first 
pointed  out  by  Pole,  who  is  himself  color-blind,  the  two 
colors  seen  are  not  usually  green  and  blue  or  violet,  as 
it  should  be  on  this  theory,  but  yelloiv  and  blue  or 
violet.*  The  most  common  of  all  forms  of  color-blind¬ 
ness  is  red-green  blindness.  These  persons  see  yellow 
perfectly  well.  But  if  yellow  be  not  a  primary  color, 
but  a  mixture  of  red  and  green,  how  is  it  that  yellow  is 
seen  ?  Again,  according  to  this  theory  the  sensation  of 
white  is  due  to  the  photo-chemical  affection  of  all  the 
three  primary  color-substances.  How,  them  color¬ 
blind  persons  see  white  when  one  or  moi^yr  its  con¬ 
stituents  are  wanting  ?  f  For  that  the^^see  white  as 
normal  eyes  do,  is  proved  by  casesXjO  which  one  eye 
only  is  color-blind.  In  such  care&wLe  two  eyes  used 
alternately  see  white  exactly  ali^eS^The  great  objection 
to  Helmholtz’s  theory,  then,C[$ the  normal  perception 
of  yellow  when  both  its^fi^stituents  are  wanting,  and 
of  white  when  one  or^rmre)of  its  constituents  are  want- 

inS*  ~  <$ 

2.  Hering’s  Theory. — Once  admit  that  perception  can 
result  from  r^g^tutive  processes,  and  Hering’s  theory 

*  Nature,  ydQtx,  pp.  477,  611,  637,  1879;  Contemporary  Review, 
May,  188(KV 

f  Th^^jH)lind  by  this  theory  ought  to  see  white  as  a  bluish  green, 
as  nowAl  eyes  do  when  the  red  substance  is  exhausted  by  gazing  in- 
a  red  spot  and  then  turning  the  eyes  on  a  white  sheet.  Under 
twetee  conditions  the  normal  eye  is  temporarily  red-blind. 
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of  color  perception  explains  the  phenomena  perfectly. 
According  to  him,  in  cases  of  red-green  blindness  (the 
commonest  of  all)  the  red-green  substance  is  wanting, 
while  the  yellow-blue  substance  is  present.  It  is  inevi¬ 
table  according  to  this  theory  that  complementaries 
should  be  wanting  together.  Accordingly  we  do  tind 
cases  of  yellow-blue  blindness,  although  they  are  rare. 
The  perception  of  white,  of  course,  presents  no  diffi¬ 
culty,  because,  according  to  him,  white  and  black  are 
primary  complementaries  due  to  a  peculiar  substance 
which  seems  never  to  be  wanting.  The  real  objections 
to  Hering’s  theory  are  of  another  kind,  already  men¬ 


tioned. 

3.  Mrs.  Franklin’s  theory  explains  the  phenomena 
well.  In  the  gradual  evolution  of  the  eye  from  earliest 
times  and  from  lowest  animals  to  its  present  perfected 
condition,  (1)  first  only  gray  substance  was  present, 
and  therefore  only  white  and  black  and  all  shades  of 
gray  were  seen.  This,  as  a  primitive  conffiKcm,  is  a 
priori  almost  certain.  (2)  Then  this  /^roiary  visual 
substance  was  differentiated  into  two@!lor-substances, 
yellow  and  blue ;  and  therefore ^4d®e  two  colors,  to¬ 
gether  with  white  and  black  ^and/gray,  were  all  that 
were  seen.  (3)  Then,  finally,  ^yellow  color-substance 
was  secondarily  differentiate  into  red  and  green  color- 
substances,  which  produce  respectively  these  colors,  but 
still  by  their  combin  m  may  reconstitute  yellow  sub¬ 
stance  and  produc^yre  sensation  of  yellow  in  the  nor¬ 
mal  eye,  preci^^j  as  the  combination  of  all  may  recon¬ 
stitute  gray  (Substance  and  produce  the  sensation  of 
white  or  gray:  Now,  according  to  Mrs.  Franklin,  color- 
blindnei&Jyhke  so  many  other  defects  in  the  animal 
bod^ix^  an  example  of  atavism — i.  e.,  a  return  to 
p|innxive  conditions.  Complete  color-blindness  (which 
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sometimes,  though  rarely,  occurs),  in  which  no  colors  of 
any  kind  are  seen,  but  only  white  and  black  and  shades 
of  gray,  is  the  result  of  complete  atavism,  or  a  return 
to  Stage  1.  Red-green  blindness,  the  most  common  of 
all,  is  a  return  to  Stage  2.  Of  course,  Stage  3  is  the 
normal  and  most  common  condition.  There  are  other 
forms  of  color-blindness — for  example,  yellow-blue 
blindness — which  can  not  well  be  explained  by  this 
theory,  although  easily  by  Hering’s.  But  this  form  is 
very  rare,  and  may  be  a  defect  in  the  cortical  substance 
of  the  brain. 

In  further  justification  of  this  view  it  may  be  urged 
(1)  that  the  “  law  of  differentiation  ”  is  the  most  uni¬ 
versal  law  of  biological  evolution,  and  therefore  it  is  al¬ 
most  certain  that  retinal  structure  and  visual  substance, 
like  all  else,  is  subject  to  this  law.  (2)  That  the  evolu¬ 
tion  of  the  ear  and  the  sense  of  hearing  seems  to  have 
followed  a  course  analogous  to  that  attribute^  to  the 
eye  and  the  sense  of  sight.  As  in  the  evolution  of  the 
ear,  the  labyrinth  (vestibular  sac  and  seMQfcrcular  canals) 
was  first  developed,  and  then  the  ^4dhlea,  and  there¬ 
fore  sound  was  perceived  first  pilyj5  as  noise,  and  then 
also  as  tone,  so  in  the  evolutioh-^ff  the  eye  the  rods 
were  first  developed,  and  ti0n  the  cones;  and  there¬ 
fore  light  was  perceivedf^pt  as  white  and  shades,  and 
then  as  colors.  \So^ 

What  the  Color-blind  really  see. — We  are  now  in 
position  to  explajn  what  the  color-blind  really  see.  The 
completely  cote-blind  see  a  landscape  with  all  its  colors 
of  earth  anmsky  precisely  as  the  stereograph  of  the 
same  l^uefeeape  is  seen  in  a  stereoscope  by  the  normal 
eye.  sees  shades,  but  not  color.  But  this  case  is 
ra^As  there  are  various  kinds  and  degrees  of  color¬ 
blindness,  we  will  take  only  the  most  common  kind. 
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viz.,  red-green  blindness.  In  persons  affected  with  this 
too  common  defect,  some  colors  are  seen  perfectly 
correctly,  some  incorrectly,  and  some  not  at  all  as  colors, 
but  as  shades.  Of  pure  colors,  what  they  see  at  all 
they  see  correctly,  the  rest  they  see  only  as  shades. 
The  mixed  colors  they  always  see  incorrectly.  We 
give  below  a  schedule  showing  what  the  red-green 
blind  see.  It  will  be  observed  that  in  their  color- 
scheme  there  is  a  great  predominance  of  browns  and 
slate-blue. 


Pure 

Colors. 


Mixed 

Colors. 


I.  See  correctly . 

a .  White  and  black  and  all  intermediate 

shades  or  grays. 

b.  Yellow  and  all  shades  of  the  same,  i.  e., 

browns. 

c.  Blue  and  all  shades  of  same  or  slate-blues. 


& 


4 


II  Don't  see  at  all  as 

a.  Reds  are  seen  as  differen^Qfcades  of  gray. 

b.  Greens  are  seen  as  difffe^it  shades  of  gray. 

Ill  See  incorrectly. 

a.  Scarlet  =  r^^na  yellow :  are  seen  as  gray 

and  =  dark  brown. 

b.  Oran^XF  red  and  yellow  :  are  seen  as  gray 

pd  yellow  —  lighter  brown. 

c.  Eurpies  —  red  and  blue :  are  seen  as  gray 

;and  blue  =  slate-blue. 

Yellowish  green  =  yellow  and  green  :  are 
seen  as  yellow  and  gray  =  brown. 
e.  Bluish  green  =  blue  and  green  :  are  seen 
as  blue  and  gray  =  slate-blue. 
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Tests  for  Color-blindness . 

The  phenomena  stated  in  the  above  table  are  ap¬ 
parently  so  conspicuous  that  it  seems  almost  incredible 
that  persons  should  be  color-blind  unknown  to  them¬ 
selves  and  their  friends.  Yet  nothing  is  more  certain 
than  that  even  intelligent  persons  may  have  this  defect 
without  being  at  all  aware  of  it.  They  use  the  terms 
red,  green,  etc.,  although  the  sensations  corresponding 
to  these  terms  are  different  from  those  experienced  by 
persons  of  normal  eyes.  But  how  are  they  to  know  it  ? 
They  may  make  strange  and  unaccountable  mistakes 
sometimes,  but  these  are  attributed  to  the  loose  use  of 
color-names.  The  defect  is  by  no  means  uncommon, 
and,  what  is  worthy  of  note,  it  is  far  more  common 
among  men  than  among  women.  Among  men  perhaps 
four  to  five  per  cent  are  more  or  less  color-blind; 
among  women  hardly  more  than  one  tenthyp^r  cent. 
The  importance  of  testing  for  this  defect  irome  case  of 
engine-drivers  and  switchmen  of  railv^^,  and  wheel¬ 
men  and  lookouts  of  vessels,  can  noty^e)  overestimated. 
There  are  many  methods  of  testing^Sbme  of  them  very 
refined  and  accurate;  but  f^rSwat  very  reason  un¬ 
adapted  for  ordinary  use.  TJTje  simplest,  and  perhaps 
one  of  the  best,  is  that  gOTIolmgren.  A  box  full  of 
skeins  of  yarn  of  all  cohM)and  shades  is  placed  before 
the  subject,  and  he  is^rected,  without  assistance,  to  sort 
and  match  them^  All  normal-eyed  persons  will  match 
them  similarly (^nd  correctly,  but  in  the  case  of  the  de¬ 
cidedly  color-blind  the  most  extraordinary  matchings 
occur,  ^m^xample,  bright  reds  and  bright  greens  and 
certainN^hhdes  of  gray,  or  scarlet  and  certain  shades  of 
br<u*fo^  or  splendid  purples  and  certain  shades  of  slate- 
JSr  5;  are  put  together  as  the  same  color  and  shade. 
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CHAPTER  I. 


SINGLE  AND  DOUBLE  VISION 

The  Two  Eyes  a  Single  Instrument. — We  have  thus 
far  treated  only  of  the  phenomena  of  monocular  vision  ; 
and  all  that  we  have  said  might  still  apply,  almost  word 
for  word,  if,  like  the  Cyclops  Polyphemus,  wA  had  but 
one  eye  in  the  middle  of  the  forehead.  we  have 

two  eyes  ;  and  these  are  not  to  be  con^Krered  as  mere 
duplicates,  so  that  if  we  lose  one  w^0m  have  another. 
On  the  contrary,  the  two  eyes  noQ^gether  as  one  in¬ 
strument  ;  and  there  are  manyv^ual  phenomena,  and 
many  judgments  based  upo^these  phenomena,  which 
result  entirely  from  the  u^  of  two  eyes  as  one  instru¬ 
ment.  These  form  tlwOjjubject  matter  of  Binocular 
Vision .  It  must  b^vjSarly  understood  that  the  distinc¬ 
tive  phenomene/7)|A>inocular  vision  require  two  eyes 
acting  as  on^.^We  might  have  two  eyes,  or  even,  like 
Argus,  a  htfMred  eyes,  and  yet  not  enjoy  the  advan¬ 
tages  of^wtocular  vision  ;  for  each  eye  might  see  inde¬ 
pendently.  This  would  still  be  monocular  vision. 
^-Ske  phenomena  of  binocular  vision  are  far  less 
urely  physical  than  those  of  monocular  vision.  They 
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are  also  far  more  obscure,  illusory,  and  difficult  of  anal¬ 
ysis,  because  far  more  subjective  and  far  more  closely 
allied  to  psychical  phenomena.  From  early  childhood 
I  have  amused  myself  with  experiments  in  this  field, 
and  have  thus  acquired  an  unusual  voluntary  power 
over  the  movements  of  the  eyes,  and  a  still  more  un¬ 
usual  power  of  analysis  of  visual  phenomena.  This  has 
always  therefore  been  a  favorite  field  for  me ;  but  with 
a  little  practice  any  one  may  acquire  similar  power  and 
enjoy  a  similar  pleasure. 

Binocular  Field.— We  have  said  that  the  field  of 
view  is  naught  else  than  an  outward  projection  of  ret¬ 
inal  states.  With  the  eyes  open  and  the  retina  in  an 
active  or  stimulated  condition,  we  call  it  the  field  of 
view  ;  with  the  eyes  shut  and  the  retina  in  a  compara¬ 
tively  passive  or  unstimulated  condition,  we  call  it  the 
field  of  darkness.  In  either  case,  every  variation  in 


shadows  or 


•mages,  or  by  its  own  internal  changes 


or  ^nstmM^fced  activity,  is  faithfully  represented  in 
externa>Qq)ace  by  spectra,  external  images,  etc.  But 
we  ha^e  two  eyes,  and  therefore  two  retinae,  and  there- 
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the  two  retinae.  These  two  fields  of  view  partly  over¬ 
lap  each  other,  so  as  to  form  a  common  or  binocular 
field.  Fig.  35  represents  roughly  the  form  of  these 
fields  in  my  own  case.  The  right  field,  12,  is  bounded 
by  the  line  of  the  nose  n  n  on  the  left,  the  brows  hr 
above,  and  the  cheek  ch  below.  The  field  of  the  left 
eye,  L,  is  bounded  similarly  on  the  right  by  the  nose 
n'  n',  the  brow  br',  and  the  cheek  ch'.  Between  the 
lines  of  the  nose,  n  n,  nr  n ' ,  is  the  rounded  triangu¬ 
lar  space  G  F ,  which  is  the  common  or  binocular  field. 
This  common  field  is  the  only  part  seen  by  both  eyes. 
The  two  fields  are  left  vacant  on  the  extreme  right  and 
left,  because,  projected  on  a  plane  surface,  they  are  un¬ 
limited  in  these  directions.  This  is  the  necessary  result 
of  the  fact  that  in  a  horizontal  direction  the  field  of 
view  of  both  eyes  is  more  than  180°. 

Now,  there  being  two  retinae,  there  are  of  course 
two  retinal  images  of  every  external  object  since 
retinal  images  are  projected  outward  into  (g^Tce  as  ex¬ 
ternal  images,  we  must  have  two  extei^F'  images  of 
every  object.  But  we  see  objects  oiS^>y  these  exter¬ 
nal  images.  Why,  then,  with  t\v;o  ^inal  images — ay, 
and  two  external  images  for  object,  do  we  not 

see  all  objects  double  ?  I  an©er  :  We  do  indeed  see 
all  objects  double ,  except  certain  conditions . 

1 Images . 

This  phenome^D^of  double  images  of  all  objects,  ex¬ 
cept  under  certgjn  special  conditions,  is  so  fundamental 
in  binocular  and  yet  so  commonly  overlooked  by 

even  thq  intelligent  persons  unaccustomed  to  an¬ 
alyze  th^p  visual  impressions,  that  it  becomes  absolutely 
necessary  first  of  all  to  prove  it  by  detailing  many  ex- 
j^iments,  which  every  one  may  repeat  for  himself. 
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Experiment  1. — Holding  np  tlie  finger  before  tlie 
eyes,  look,  not  at  the  finger,  but  at  the  wall  or  the  ceil¬ 
ing  or  the  sky.  Two  transparent  images  of  the  finger 
will  be  seen,  the  left  one  belonging  to  the  right  eye 
and  the  right  one  to  the  left  eye.  We  easily  prove  this 
by  shutting  first  one  and  then  the  other  eye,  and  observ¬ 
ing  which  image  disappears.  The  images  are  trans¬ 
parent ,  or  shadowy,  because  they  do  not  conceal  any¬ 
thing.  The  place  covered  by  the  right-eye  image  is 
seen  by  the  left  eye,  and  the  place  covered  by  the  left- 
eye  image  is  seen  by  the  right  eye.  If  we  alternately 
shut  one  eye  and  then  the  other,  the  wide  difference 
between  these  places  is  at  once  evident.  Usually  there 
is  an  alternation  in  the  distinctness  of  these  shadowy 
images — first  one  and  then  the  other  fading  away,  and 
almost  disappearing  from  view.  Many  persons  find 
difficulty  in  consciously  recognizing  the  two  images. 
Such  persons  habitually  neglect  one,  until  it  finally 
drops  out  of  consciousness — which  one^fo&y  neglect 
will  be  shown  in  the  next  experiment. 

Experiment  <2. — Point  with  the^Jrefinger  at  some 
distant  object,  looking  with  both^yes  open  at  the  ob¬ 
ject,  not  the  finger.  Two  fmgej«s  will  be  seen,  one  of 
them  pointing  at  the  obj^f^and  the  other  far  out 
of  range,  usually  to  the  rjgjit. 

Most  persons  find^Gpie  difficulty  at  first  in  being 
conscious  of  percej^ng  two  images.  The  reason  is, 
they  do  not  easjjTy^eparate  what  they  know  from  what 
they  see.  know  there  is  but  one  finger,  and 

therefore  tmV  think  they  see  but  one.  The  best  plan 
is  to  sh^Calternately  one  eye  and  then  the  other,  and 
observe-  tiie  places  of  projection  of  the  finger  against 
tbp^wal  1  ;  and  then,  opening  both  eyes,  shadowy  im- 
at  both  these  places  will  be  seen.  I  have  found 
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some  trouble  in  convincing  a  few  persons,  and  have 
found  one  single  person  whom  I  could  not  convince, 
that  there  were  two  images.  To  such  a  person  all  that 
I  am  about  to  say  on  binocular  vision  will  be  utterly 
unintelligible.  The  whole  cause  of  the  difficulty  in 
perceiving  at  once  double  images  is,  that  we  habitually 
neglect  one  image  unless  attention -is  especially  drawn 
to  it.  I  have  found  that  nearly  all  persons  neglect 
the  right-hand  image — i.  e.,  the  image  belonging  to 
the  left  eye  (unless  the  right  eye  is  defective).  In 
other  words,  they  are  right-eyed  as  well  as  right- 
handed.  I  have  also  tried  the  same  experiment  on 
several  left-handed  persons,  and  have  found  that  these 
neglected  the  left  image — i.  e.,  the  image  belonging  to 
the  right  eye.  In  other  words,  they  were  left-eyed  as 
well  as  left-handed.  There  is  no-  doubt  that  dextrality 
affects  the  whole  side  of  the  body,  and  is  the  result  of 
greater  activity  of  the  left  cerebral  hemisphtfA  Peo¬ 
ple  are  right-handed  because  they  are  left-Qjjnned. 

I  pause  a  moment  in  order  to  dra^Q^tention  here 
to  the  uncertainty  of  some  so-calleds^bfc  of  conscious¬ 
ness.  I  have  often  labored  to  jeslQlnce  a  person,  un¬ 
accustomed  to  analyze  his  visiraiK  impressions,  of  the 
existence  of  double  images  s  own  case.  He  would 
appeal  with  confidence,  p^iaps  with  some  heat,  to  his 
consciousness  against  >«Gyreason ;  and  yet  he  would 
finally  admit  thatj^was  right  and  he  was  wrong. 
So-called  facts  o^cvOTsciousness  must  be  scrutinized  and 
analyzed,  an<j  greeted  to  the  crucible  of  reason,  as  well 
as  other  sutffysed  facts,  before  they  should  be  received. 

JExn wQhent  3—  Place  the  two  forefingers,  one  be¬ 
fore  fh^other,  in  the  middle  plane  of  the  head  (i.  e., 
tha^rtical  plane  through  the  nose,  and  dividing  the 
into  two  symmetrical  halves),  and  separated  by  a 
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Fig.  36. 


considerable  distance — say  one  8  inches  and  the  other 
18  to  20  inches  from  the  eyes.  ISTow,  if  we  look  at 
the  farther  finger,  it  will  be  of  course  seen  single,  but 
the  nearer  one  is  double ;  if  we  look  at  the  nearer 
finger,  this  will  be  seen  single,  but  the  farther  one  is 
now  double ;  but  it  is  impossible  to  see  both  of  them 
as  single  objects  at  the  same  time.  By  alternately 
shutting  one  eye  and  then  the  other,  we  can  observe 
in  either  case  which  of  the  double  images  disappears. 
Thus  we  will  learn  that  when  we  look  at  the  farther 
finger,  the  nearer  one  is  so  doubled  that  the  left  image 
belongs  to  the  right  eye  and  the  right  image  to  the  left 
eye ;  while,  on  the  contrary,  when  we  look  at  the  nearer 
finger,  the  farther  one  is  so  doubled  that  the  right  image 
belongs  to  the  right  eye  and  the  left  image  to  the  left 

eye.  In  the  former 
case  the  images  are  said 
to  be  heU^jmymous, 
i.  e.,  of  driretent  name, 
and  in,Me  latter  case 
the|pjjre  said  to  be  ho - 

dym/mous,  i.  e.,  of  the 
me  name,  as  the  eye. 
T„7,Z^, -JSr  AferimenU.- 1„. 

.  Jb  stead  of  a  narrow  object 

like  the  finger,  take  some  object  wider  than  the 
distance  between  tlre^ey e-centers — such  as  a  postal  card, 
for  example — a/f&Sepeat  experiment  1.  While  we  look 
at  the  wall  tin*  cSrd  doubles,  but  the  double  images  do 
not  entirely^parate.  There  is  a  middle  opaque  over¬ 
lapping  part  with  shadowy  transparent  margins  right 
and  i^i  ^ig.  36).  In  this  figure  abed  is  the  riglit-eye 
image  and  a '  V  cf  dr  the  left-eye  image.  The  overlap- 
^pmg  part  is  opaque,  because  it  covers  a  part  of  the  wall 
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hidden  from  both  eyes .  The  margins  are  transparent, 
because  they  cover  portions  of  the  wall  hidden  from 
one  eye  but  seen  by  the  other.  As  we  gaze  steadily  we 
observe  a  sort  of  struggle  between  the  two  images  for 
mastery.  First  perhaps  the  riglit-eye  image  prevails, 
the  left-eye  image  disappearing  and  the  riglit-eye  image 
becoming  opaque  throughout.  Then  the  left-eye  image 
prevails  and  the  reverse  takes  place. 

There  is  a  limit,  therefore,  to  the  separation  of 
double  images  when  we  look  beyond  the  object — i.  e., 
in  case  of  heteronymously  double  images.  This  limit 
is  the  interocular  space ,  and  the  reason  is  that  we  can 
not  turn  our  eyes  outward  beyond  parallelism.  There 
is  no  limit  in  the  case  of  homonymously  double  images 
except  the  ability  to  converge  the  optic  axes. 

It  is  evident,  then,  that  double  images  are  formed 
whenever  the  optic  axes  are  not  turned  directly  on  the 
object  observed.  For  example :  if  the 
finger  be  pressed  in  the  corner  of  one 
or  both  eyes  we  see  double  images. 

If  it  is  the  external  corner,  the  imag 
are  heteronymous  ;  if  the  intj 
corner,  they  are  homonymous.^ 

Analogues  of  Double  Inrag  es 
Other  Senses. — WheneverJ&vas  pos¬ 
sible,  we  have  traced^ fll^analogy  of 
visual  phenomena  inrmher  senses.  Is 
there  any  analodjju^  of  double  vision 
to  be  found  i^^jther  senses  ?  There 
is,  as  may  iown  by  the  following 
experiimMs:  If  we  cross  the  middle  finger  over  the  fore- 
finger  imM  the  points  are  well  separated,  and  then  roll  a 
sn^^ryund  body,  like  a  child’s  marble,  about  on  the  table 
^tween  the  points  of  the  crossed  fingers,  we  will  dis- 
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tinctly  perceive  two  marbles.  The  points  of  the  fingers 
touched  by  the  marble  are  unaccustomed  to  be  touched 
in  that  way — they  are  non-corresponding.  (Fig.  37.) 

Single  Vision. — Therefore  it  is  evident  that  when 
we  look  directly  at  anything  we  see  it  single,  but  that 
all  things  nearer  or  beyond  the  point  of  sight  are  seen 
double.  We  then  come  back  to  our  previous  proposi¬ 
tion,  that  we  always  see  things  double  except  under 
certain  conditions.  What,  then,  are  the  conditions  of 
single  vision  ?  I  answer :  We  see  a  thing  single  when 
the  two  images  of  that  thing  are  projected  outward  to 
the  same  spot  in  space ,  and  are  therefore  superposed 
and  coincide .  Under  all  other  conditions  we  see  them 
double.  Again :  the  two  external  images  of  an  object 
are  thrown  to  the  same  spot,  and  thus  superposed  and 
seen  single,  when  the  two  retinal  images  of  that  object 
fall  on  what  are  called  corresponding  points  ( or  some¬ 
times  identical  points)  of  the  two  retmce^ff^  they  do 
not  fall  on  corresponding  points  of  th^fcwo  retinae, 
then  the  external  images  are  thrown  t^Qhfiierent  places 
in  space,  and  therefore  seen  doul^O  We  must  now 


jsp^^i^g  points  of  the  two 



explain  the  position  of  correspj 


retinae. 


Corresponding  Points. — Tjjp  retinae,  as  already  seen, 


of  the  centrClj  spots.  If  now  we  draw  vertical  lines 
(vertical  n^flians),  a  5,  a '  V ,  through  the  central  spots, 
so  as  ^Vdivide  the  retinae  into  two  equal  halves,  then 
the  rigitt  or  shaded  halves  would  correspond  point  for 
pmjft,  and  the  left  or  unshaded  halves  would  correspond 
^>omt  for  point ;  i.  e.,  the  internal  or  nasal  half  of  one 
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retina  corresponds  with  the  external  or  temporal  half 
of  the  other,  and  vice  versa .  Or,  more  accurately,  if 
the  concave  retinae  be  covered  with  a  system  of  reet- 
angnlar  spherical  coordinates,  like  the  lines  of  latitude 
and  longitude  of  a  globe,  a  b  and  x  y  being  the  meridian 
and  equator,  then  points  of  similar  longitude  and  lati¬ 
tude  in  the  two  retinae,  as  d  d\  e  e\  are  corresponding. 
Or,  still  better,  suppose  the  two  eyes  or  the  two  retinae 
to  be  placed  one  upon  the  other,  so  that  they  coincide 
throughout  like  geometric  solids ;  then  the  coincident 
points  are  also  corresponding  points.  Or  again :  Take 


Fig.  38. 


Ov 

a  pair  of  dividers  and  open  th^omts  until  they  are  the 
exact  distance  apart  of  the  Central  spots  (interocular 
space).  Then,  holding  leqGfi)  suppose  the  two  retinae  to 
be  touched  at  many  The  points  touched  at  the 

same  time  would  l^cbrresponding  points.  The  mode 
of  getting  the  i^tepocular  space  is  fully  described  on 
page  265.  It  i£ysually  about  two  and  a  half  inches.  Of 
course,  the®hral  spots  will  be  corresponding  points ; 
also  pompon  the  vertical  meridians,  a  5,  a'  b\  at  equal 
distanc^irom  the  central  spots,  will  be  corresponding  ; 
also’^ints  similarly  situated  in  similar  quadrants,  as  dd\ 
^yetc.  It  is  probable  that  the  definition  just  given 
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is  not  mathematically  exact  for  some  eyes.  It  is  prob¬ 
able  that  in  some  eyes  the  apparent  vertical  meridian 
which  divides  the  retinae  into  corresponding  halves  is 
not  perfectly  vertical,  but  slightly  inclined  outward  at 
the  top.  This  would  affect  all  the  meridians  slightly  ; 
but  the  effect  is  very  small,  and  I  do  not  find  it  so  in 
my  eyes.  We  shall  discuss  this  point  again  (page  218). 

Law  of  Corresponding  Points. — After  this  explanation 
we  reenunciate  the  law  of  corresponding  points :  Objects 
are  seen  single  when  their  retinal  images  fall  on  corre¬ 
sponding  points .  If  they  do  not  fall  on  corresponding 
points,  their  external  images  are  thrown  to  different 
places  in  space,  and  therefore  are  seen  double. 

Thus  we  see  that  the  term  “  corresponding  points 55 
is  used  in  two  senses,  which  must  be  kept  distinct  in 
the  mind  of  the  reader.  Every  rod  and  cone  in  each 
retina  has  its  correspondent  in  external  space,  and  these 
exchange  with  each  other  by  impression  an$Kgi\>jection. 
Also  every  rod  or  cone  of  each  retina  hasuC^reorrespond- 
ent  in  a  rod  or  cone  in  the  other  xjffiua.  Now  the 
law  of  corresponding  points,  withS^nch  we  are  now 
dealing,  states  that  the  two  eo(p)yftd  or  spatial  corre¬ 
spondents  of  two  retinal  corresponding  points  always 
coincide  with  each  other ,  or  corresponding  points  of 

the  two  retinae  have  tb^Qame  spatial  correspondent . 
In  order  to  distingukh0Jiese  two  kinds  of  corresponding 
points  from  each  /flper,  the  latter — i.  e.,  corresponding 
points  on  the  t^Jretinae — are  often,  and  perhaps  best, 
called  “  ideirt^l  points,”  because  their  external  spatial 
represents  i^Gjbs  are  really  identical. 

(here  is  a  kind  of  triangular  correspondence 
betw<e<m  the  retinae  and  space.  Every  point  in  space 
hqjS^correspondent  in  each  retina,  and  the  two  retinal 
^^respondents  are  an  exact  interocular  distance  apart ; 
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but  the  place  of  these  retinal  correspondents  change 
with  every  movement  of  the  eyes.  The  images  of  spa¬ 
tial  points,  however,  do  not  fall  on  their  retinal  corre¬ 
spondents  except  under  certain  conditions,  viz.,  those 
which  determine  single  vision. 

Application, — We  will  now  apply  the  law  to  the 
explanation  of  single  and  double  vision.  We  have  seen 


Fig.  39. 

B 
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Fig.  39  shows  why,  by  the  law  of  corresponding  points, 
it  must  he  so.  While  the  two  eyes,  R  and  Z,  are  fixed 
upon  A,  this  object  will  be  seen  single,  for  its  images, 
a  and  a\  fall  upon  the  central  spots.  But  if,  while  still 
looking  at  A ,  we  observe  B  and  <7,  we  shall  see  that 
both  are  double.  The  reason  is,  that  the  images  of  B, 
viz.,  b  b\  fall  upon  the  two  nasal  or  internal  halves  of 
the  retinas,  which  are  non- corresponding ;  while  the 
images  of  G \  viz.,  c  c\  fall  upon  the  two  external  or 
temporal  halves  of  the  retinae,  which  are  also  non-cor¬ 
responding.  If  the  external  double  images  be  all  re¬ 
ferred  to  the  plane  of  sight,  PP  (which,  however,  is 
not  the  fact),  as  is  usually  represented  in  diagrams,  then 
the  position  of  the  double  images  will  be  correctly  rep¬ 
resented  by  c  c\  b  b'.  It  is  seen  at  a  glance  that  the 
images  c  o'  of  C  are  heteronymous,  while  the  images 
b  V  of  B  are  homonymous.  Generally,  all  the  field  of 
view  within  the  lines  of  sight,  A  a,  A  a ',  b&^jc  Lgs  to  the 
temporal  halves  of  the  retinae,  while  all  ^i|plde  of  these 
lines  belongs  to  the  nasal  halves.  again,  double 

images  formed  by  impressions  on^fehe  two  nasal  halves 
of  the  retinae  are  homonymou^^ime  those  formed  by 
impressions  on  the  two  teimforal  halves  are  heterony¬ 
mous.  Or,  more  general  hLi^he  central  spots  are,  say, 
two  and  a  half  inches  a^rc.  All  corresponding  points 
are  also  two  and  a  JiAP  inches  apart.  Retinal  images 
farther  apart  than  and  a  half  inches  produce  heter¬ 
onymous  externakifnages,  and  therefore  belong  to  objects 
nearer  thanN^Efe  point  of  sight;  while  retinal  images 
nearer  d<vs$tner  than  two  and  a  half  inches  produce 
homort^fflSus  external  images,  and  belong  to  objects 
farB>e^away  than  the  point  of  sight. 

^Cffhus  far  the  objects  considered  are  on  the  median 
Qjne.  Next  we  will  consider  those  in  other  positions. 
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Horopteric  Circle  of  Muller. — Objects  at  point  of 
sight  are  seen  single,  while  objects  beyond  or  nearer 
than  that  point  are  seen  double.  But  how  is  it  with 
objects  about  the  same  distance  as  that  point  but  not  in 


£ 


a'  ^ 

The  Horopteric  CiRcyho^^juLLER.— B  and  L ,  two  eyes  ;  n  n',  point  of  crossing 
of  ray-lines — nodal  Loiilt ;  A,  point  of  sight ;  B,  some  other  point  in  the  lior- 
optoric  circle  A  u*n';  a  a\  central  spots;  a  a',  b  b retinal  images  of  A  and  B. 

IsP 

the  medias^llne — i.  e.,  above  or  below,  on  the  right  or 
left  ?  vsK$ke  first  the  case  of  points  lying  to  the  right 
or  left.  In  the  diagram  Fig.  40  the  two  eyes,  H  and 
fixed  on  the  object,  A.  This  is,  of  course,  seen 
because  its  retinal  images  fall  on  corresponding 
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points,  viz.,  the  central  spots.  Now,  if  a  circle  be 
drawn  through  the  point  of  sight,  A,  and  through  the 
nodal  points,  n!  n,  of  the  two  eyes,  then  by  simple  geo¬ 
metrical  construction  it  is  evident  that  any  point,  B , 
lying  in  that  circle  will  also  be  seen  single ;  for  its  two 
retinal  images,  b  b\  wTill  fall  on  equivalent  halves  of  the 
retina,  and  at  equal  distances  from  the  central  spots, 


a  a 


/  * 


and  therefore  are  corresponding  points.  This 
is  the  horopteric  circle  of  Muller .  The  same  will 
not  be  true  of  jioints  on  any  other  line  whether  curved 
or  straight.  For  example,  an  object,  B\  situated  on 
a  straight  line  tangent  at  the  point  of  sight,  A ,  will 
not  be  seen  single,  because  its  retinal  images,  b'b ", 
are  not  on  corresponding  points,  b"  being  farther 
from  the  central  spot.  It  will  be  heteronymously 
double.  The  circle  of  Muller  is  probably  a  true  circle 
of  single  vision  when  the  eyes  are  not  strongly  con¬ 
verged. 

Horopter  or  Surface  of  Single  Visioz££ W  e  have 
considered  the  case  of  objects  lying  pMt t  and  left  of 
the  point  of  sight.  We  have  yet  tof4&0«sider  those  in 
addition  lying  above  or  below.  ^Iwhave  spoken  of  a 
possible  horopteric  cwcle.  Is^KS  re  also  a  horopteric 
surface f  The  surface  of  siiQle  vision  with  the  point 
of  sight  fixed,  or  the  surfad2>passing  through  the  point 
of  sight  all  objects  hrira  m  which  are  seen  single,  is 
called  the  horopter.  ^Shether  there  be  such  a  surface 
at  all,  and  if  the^Jas,  what  is  its  form,  are  questions 
upon  which  ktaSjacutest  observers  differ.  Some  have 
made  it  a  pMpc,  some  a  spherical  surface.  Some,  by 
purely  ^^aetrical  methods,  have  given  it  the  most 

*  angles  A  n  B  and  A  ri  B  are  equal  because  they  are  angles  at 
thc^r^imference  standing  on  the  same  arc  A  B.  Their  opposites,  anb 
a^^a'  ri  6',  are  therefore  also  equal. 
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curious  forms  and  properties ;  while  others,  by  purely 
experimental  methods,  have  come  to  the  conclusion  that 
it  is  not  a  surface  at  all,  but  a  line .  We  are  not  now 
prepared  to  discuss  this  question,  but  shall  return  and 
devote  to  it  a  special  chapter. 

Supposed  Relation  of  the  Optic  Chiasm  to  the  Law  of 
Corresponding  Points. — In  the  optic  chiasm,  Fig.  22, 
page  51,  there  is  certainly  a  partial  (but  only  a  partial) 
crossing  of  the  fibers  of  the  two  optic  nerves.  Many 


Fig.  41. 


physiologists  connect  th^tfact  with  this  remarkable 
law.  There  is  j&rch  a  connection.  But  many 

go  farther.  T1  that  some  of  the  fibers  of  each 


go  farther.  11  that  some  of  the  libers  of  each 

optic  nerve  cro^^ver  to  the  other  eye,  and  some  do 
not ;  and  thatfepse  which  cross  over  supply  the  internal 
or  nasal  haJ0^  and  those  which  do  not  cross  over  sup¬ 
ply  tlie^Miporal  halves.  Thus,  in  the  diagram  Fig.  41, 
the  fibera  of  the  right  optic  nerve-root  O ,  as  it  comes 
frqm^he  brain,  go  in  part  directly  to  supply  the  tem¬ 
poral  half  t  of  the  right  retina,  and  in  part  by  crossing 
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the  nasal  lialf  n'  of  the  left  retina,  and  these  are  corre¬ 
sponding  halves.  So  also  the  libers  of  the  left  optic 
nerve-root  O'  go  to  supply  the  temporal  half  t'  of  the 
left  and  nasal  half  n  of  the  right  retina.  Still  further, 
they  think  that  the  fibers  coming  from  corresponding  or 
identical  points  or  rods  or  cones  in  the  two  retinae  are 
not  only  thus  carried  by  the  same  optic  root,  but  finally 
unite  to  form  one  fiber,  or  at  least  terminate  centrally 
in  one  brain-cell,  and  thus  form  one  single  sense-impres¬ 
sion.  It  is  almost  needless  to  say  that,  while  this  is  an 
interesting  speculation,  it  is  nothing  more ;  for  the  sup¬ 
posed  union  of  fibers  from  corresponding  rods  or  cones 
can  probably  never  be  either  proved  or  disproved. 

Theories  of  the  Origin  of  this  Law. — The  perception 
of  direction  and  the  correspondence  of  retinal  and  spa¬ 
tial  points  are  certainly  inherent  properties  of  the  ret¬ 
ina,  being  connected  with  its  structure.  The  former— 
i.  e.,  the  perception  of  direction — we  hav§^4e%i,  is  a 
general  property  of  sensory  nerves,  only  <kj@ioped  into 
mathematical  accuracy  in  the  case  of  iKJ^optic  nerve ; 
the  latter — i.  e.,  the  correspondencq^gretinal  and  spa¬ 
tial  points — is  only  the  expressiq^Hj^this  mathematical 
accuracy  of  perception  of  dire^on;,  and  both  are  con¬ 
nected  with  the  structure  ofQUe  bacillary  layer.  Un¬ 
doubtedly,  then,  this  projafiZty  is  innate  and  antecedent 
to  all  individual  exjDei rfgfree.*  What  the  infant  learns 
by  experience  is  no^wrection,  but  distance  and  size  of 
the  object.  Dire^ti^n  is  a  primary  datum  of  sense  (page 
73).  But  thejfijpperty  of  corresponding  points  of  the 
two  retin8ft@ct  of  identical  spaticd  points  in  the  two 
fields  o^Ooew  seems  to  be  less  absolutely  simple  and 
primaj7%^  The  question,  “Is  this  property  innate,  in- 

vW.  probably  the  result  of  experience,  but  of  ancestral  experience, 
j^£ntcd  by  the  individual. 


SINGLE  AND  DOUBLE  VISION. 


121 


stinctive,  antecedent  to  experience  ?  or  is  it  wholly  the 
result  of  experience  ?  ”  has  been  long  and  hotly  dis¬ 
puted  by  the  profoundest  thinkers  on  this  subject.  The 
former  view  has  been  held  by  Muller,  Pictet,  and 
others ;  the  latter  by  Helmholtz,  Briicke,  Prevost,  and 
Giraud  Teulon ;  the  one  is  called  the  nativistic ,  the 
other  the  empirisiic  theory . 

We  shall  not  follow  the  history  of  this  dispute,  nor 
detail  the  arguments  brought  forward  on  each  side ;  for 
the  tendency  of  modern  science,  under  the  guidance  of 
the  theory  of  evolution,  is  to  bring  these  two  opposite 
views  together,  and  reconcile  them  by  showing  that 
they  are  both  in  a  degree  true,  and  therefore  not  wholly 
inconsistent  with  each  other.  The  difficulty  heretofore 
has  been  that  anatomists  and  physiologists  have  studied 
man  too  much  apart  from  other  animals,  and  thus  the 
amount  of  inherited,  innate,  instinctive  qualities  has 
been  greatly  underestimated  by  some  and  oyes^stimated 
by  others.  A  new-born  chicken,  in  a  few^flwlutes  after 
breaking  the  egg-shell,  will  see  an  qh^ct,  direct  the 
eyes  upon  it,  walk  straight  up  to  it^^Ju  seize  it.  Evi¬ 
dently  there  is  in  this  case  nawQly  a  perception  of 
direction,  antecedent  to  all  ^perience,  but  also  some 
perception  of  distance,  and  wonderful  coordination 
of  muscles  necessary  fm£j3tanding  and  walking,  and 
directing  the  movement^iof  the  eyes.  A  young  rumi¬ 
nant  animal  in  a  fowninutes  after  birth  will  stand  and 
walk,  and  direcfjfe  motions  by  sight.  A  bird  of  wild 
species,  liatah^  in  a  cage  and  kept  in  a  cage  until  it  is 
fully  fledg(@^knd  its  muscles  are  sufficiently  developed, 
if  the^vfli^own  into  the  air,  will  fly  away  with  ease, 
although  the  coordination  of  many  muscles  in  the  act 
oMHjing  is  something  so  marvelous  that  it  could  not 
5e  learned  in  a  lifetime  of  trial,  unaided  by  inherited 
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capacity.  Inherited  powers  are  still  more  marvelous  in 
the  case  of  insects. 

Manifestly,  then,  the  wealth  of  capacities  in  all  di¬ 
rections  possessed  by  the  individual  is  partly  inherited 
and  partly  acquired  by  individual  experience.  In  ani¬ 
mals  the  inherited,  in  man  the  individually  acquired, 
wealth  predominates.  But  all  wealth  is  acquired.  Even 
that  inherited  is  ancestral  experience  accumulated  and 
transmitted  by  the  law  of  heredity.  Even  instinct  is 
“  inherited  experience.”  Thus,  then,  it  is  evident  that 
the  property  of  corresponding  points  of  the  two  retinae, 
and  therefore  of  identical  points  in  space,  is  partly  in¬ 
herited  and  partly  acquired  by  individual  experience. 
It  is  doubtless  wholly  the  result  of  experience,  but  not 
wholly  of  individual  experience. 

Consensual  Adjustments.— There  are  therefore  two 
adjustments  of  the  eye  in  every  voluntary  act  of  sight, 
vi z.,  focal  and  axial .  In  the  former,  each  £y<d^ad justed 
by  the  ciliary  muscle  to  make  a  perfect  :0fe;e  on  the 
retina;  in  the  latter,  the  two  eyes  are<^u*ned  by  the 
recti  muscles  so  that  their  axes  shall>qQet  on  the  point 
of  sight,  and  the  images  of  the/  object  looked  at  shall 
f  ill  on  the  central  spots.  Thetoflfe'is  an  adjustment  for 
distinct  vision,  the  other  foQ&ngle  vision.  There  is 
associated  with  these  stiU®>  third  adjustment,  but  of 
far  less  importance,  vi^&e  adjustment  of  the  pupil . 
The  pupil  contract|^3foKi  expands  not  only  as  the  light 
is  bright  or  fainf^fem  also  as  the  object  is  near  or  far. 
These  three  4a^isnnents  take  place  together  and  with¬ 
out  distinct  ^fition  for  each — i.  e.,  by  the  one  volun¬ 
tary  actv^V^oKn^.  They  are  therefore  consensual 
moven^tfs,  and  usually  regarded  as  indissolubly  asso- 
We  shall  show  hereafter  that  under  certain 
c^rcmnstances  they  may  be  dissociated. 
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The  Two  Fundamental  Laws. — There  are  also  two 
great  and  fundamental  laws  by  which  all  visual  phe¬ 
nomena  are  explained,  viz.,  the  law  of  direction  and 
the  law  of  corresponding  points.  The  one  gives  the 
true  position  of  all  points  in  space,  and  therefore  en¬ 
tirely  explains  the  apparent  anomaly  of  erect  vision 
with  inverted  retinal  images  ;  the  other  gives  coinci¬ 
dence  of  the  spatial  representative  of  corresponding 
points  in  the  two  fields  of  view,  and  therefore  entirely 
explains  the  second  anomaly  of  vision,  viz.,  of  single 
vision  with  two  retinal  images.  Both  may  in  fact 
be  called  laws  of  corresponding  points.  The  one 
asserts  the  correspondence  point  for  point  of  retinal 
rods  and  cones  with  external  space,  with  ray-lines  con¬ 
necting  and  crossing  in  the  nodal  point;  the  other 
asserts  a  correspondence  point  for  point  of  the  rods 
and  cones  of  the  two  retinae,  and  the  coincidence  of 
their  representatives  in  the  two  fields  of  vie^A  From 
the  one  law  flow  all  the  phenomena  of  moimfiilar,  from 
the  other  all  the  phenomena  of  binoctdri!*$nsion.  But 
underlying  both  of  these  is  the  stillu^Tj^e  fundamental 
law  of  external  projection  of  retinaOtates. 

All  the  phenomena  of  bincrciilaP  vision  are  explained 
by  the  law  of  corresponding  (points.  But  the  phenom¬ 
ena  are  so  numerous,  so^lusory,  and  so  difficult  of 
analysis,  that  the  conn&Cflpn  is  by  no  means  obvious. 
The  science  of  binoc^^'  vision  consists  in  tracing  this 
connection,  and  /Ri explaining  the  phenomena.  It 
t^hen,  to  take  up  all  the  most  impor- 
of  binocular  vision,  and  explain  them 


will  be  our  obi 
tant  pheno 
in  this 
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SUPERPOSITION  OF  EXTERNAL  IMAGES ,  AND  TIIE 
FORMATION  OF  PHANTOMS. 

In  the  movements  of  one  eye,  or  of  the  two  eyes  if 
they  move  together  equally  in  the  same  direction,  as  in 
looking  to  one  side  or  the  other,  or  up  or  down,  ob¬ 
jects  seem  to  stand  still ,  and  the  eyes  or  the  point  of 
sight  to  sweep  over  them .  But  if  we  move  the  eyes  in 
opposite  directions,  as  in  converging  the  optic  axes 
strongly  and  then  allowing  them  to  become^aLiin  par¬ 
allel,  objects,  or  rather  their  external  ima^w,  seem  to 
sweep  like  trooping  shadows  across  tli&Qteld  of  view ; 
or  rather,  the  fields  of  view  themseh^^seem  to  rotate, 
carrying  all  their  images  with  thfinofri  a  direction  con¬ 
trary  to  the  motion  of  the  eye,  therefore  (since  the 
two  eyes  move  in  contrary  ejections)  in  directions  con¬ 
trary  to  each  other.  This/phenomenon  is  not  very  easily 
observed,  because  it  is Jj^Mseen  by  simple  convergence 
of  the  eyes  on  a  vei^S^ar  point  in  space,  without  any 
object  to  direct  th^bnvergence,  or  in  trying  to  look  at 
the  root  of  theN*ose.  Divergence  of  the  eyes  may  be 
produced  hjroPessing  the  fingers  in  their  external  cor¬ 
ners.  Iprvrts  case  also  the  motion  of  the  images  is 
e  videmN 

Evidently,  then,  by  voluntary  motion  of  the  eyeballs 
>osite  directions,  and  the  consequent  motion  of  the 
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shadowy  images  in  opposite  directions,  we  may  (if  we 
observe  the  images  and  control  the  motion  of  the  eyes) 
cause  them,  whether  they  belong  to.  the  same  object  or 
to  different  objects,  to  approach  each  other  and  com¬ 
bine  successively.  Many  curious  phenomena  thus  re¬ 
sult  which  it  is  necessary  to  understand  before  we 
approach  the  more  complex  phenomena,  and  especially 
before  we  can  explain  the  judgments  based  upon  these 
phenomena. 

Combination  of  the  Images  of  Different  Objects. — We 

have  seen  that  the  combination  of  the  two  external 
images  of  the  same  object  produces  single  vision.  But 
the  external  images  of  different  objects  may  also  be 
combined.  Under  this  head  there  are  several  cases. 

1.  Dissimilar  Objects. — We  have  seen  that  when  the 
two  images  of  an  object  fall  on  corresponding  points  of 
the  two  retinae,  they  are  thrown  outward  as  external 
images  to  the  same  point  in  space,  super j^osbd,  and 
united,  and  therefore  the  object  is  seen  siigwfe.  If,  in¬ 
stead  of  the  two  images  of  the  same  obj^b,  the  images 
of  two  different  objects  fall  upon  con^jQlonding  points, 
evidently  they  also  will  be  throvpjQtlie  same  place  in 
space  and  superposed.  In  tMs^ase,  however,  there 
being  two  objects,  there  wilQre  four  retinal  images, 
only  two  of  which  will  faff®1  corresponding  points,  and 
also  four  external  images,  only  two  of  which  will  be 
superposed.  But  we^may  coniine  our  attention  to  the 
superposed  images,  or  else  we  may  cut  off  the  others 
from  view,  onprevent  them  from  forming. 

Expermnipdi. — If  the  left  hand  and  the  right  fore¬ 
finger,  (mmy  two  dissimilar  objects,  be  held  up  before 
the  eye^ay  8  to  10  inches  apart,  and  then  the  eyes  be 
conyl^ed  until  the  right  eye  looks  exactly  toward  the 
IMt  nand  and  the  left  eye  toward  the  right  forefinger, 
yy  io 


126 


BINOCULAR  VISION. 


then  evidently  the  retinal  images  of  these  two  objects 
will  fall  on  corresponding  points,  viz.,  on  the  central 
spots ;  and  their  corresponding  external  images  ought 
to  be  thrown  to  the  same  place  and  superposed.  Such 
is  act nally  the  fact.  The  phenomena  as  they  actually 
appear  are  as  follows :  As  the  eyes  begin  to  converge, 
the  images  of  both  objects  double  liomonymously,  and 
we  see  now  four  images.  As  the  convergence  increases, 
the  double  images  separate  more  and  more,  until  the 
left  image  (belonging  to  the  left  eye)  of  the  forefinger 
and  the  right  image  of  the  hand  (this  belongs  to  the 
right  eye)  are  brought  together  and  superposed,  and 
the  forefinger  is  seen  lying  in  the  palm  of  the  hand. 
Of  course,  as  already  explained,  there  will  be  two  other 
images— one  of  the  forefinger  to  the  right,  and  belong¬ 
ing  to  the  right  eye,  and  one  of  the  hand  to  the  left, 
and  belong  to  the  left  eye.  By  shutting  alternately 
one  eye  and  then  the  other,  these  belomoras  of  the 
several  images  may  be  tested.  (£; 

Experiment  2. — Or,  again,  the  s^Gk  combination 
may  take  place  without  convergence  of  the  eyes,  thus  : 
Hold  up  the  two  forefingers  the  eyes  a  foot  or 

so  distant,  and  a  little  more$<tmm  two  inches  apart  (it 
should  be  nearly  equal  to  t©  interocular  distance),  and 
against  a  bright  background  like  a  white  wall  or  the  sky. 
Now  look  at  the  w^toW)the  sky  :  the  two  fingers  will 
both  double,  makijSrour  images ;  but  the  two  middle 
images  will  unitejlo  form  what  seems  to  be  one  finger. 
There  will  therefore  apparently  three  images  :  the 
middle  orfgj^the  combined  images)  is  opaque  like  an 
objec^wkne  other  two,  uncombined,  are  transparent 
like  cvuinary  double  images.  In  this  case,  as  we  are 
beyond  the  finger,  the  double  images  are  het¬ 
eronymous.  It  is  therefore  the  right-eye  image  of  the 
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right  finger  (the  left  of  its  double  images)  and  the  left- 
eye  image  of  the  left  finger  (the  right  of  its  double 
images)  which  combine  in  the  middle. 

These  facts  and  the  conditions  under  which  the 
combination  takes  place  are  illustrated  by  the  accom- 


Fig.  42. 


Fig.  43. 


P 


P 


In  both  figures  the  letters  are  the  same^iTand  L,  the  two  eyes  ;  A  and  B ,  two 
objects;  a'b ,  Fig.  42,  and  ab',  Combined  images;  primed  letters,  left- 


and  p  p,  plane  of  sight. 


panying  diagram^^  In  Fig.  42  the  right  eye,  li ,  is 
directed  towalnfehe  obiect  B,  and  the  left  eye,  Z,  to- 

itinal  images  of  these,  falling 


superposed  at  the  point  of 


but  not  size  of  the  combined  images, 
i  the  real  size  in  proportion  as  the 
off  than  the  real  object. 
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sight  (wliere  the  lines  of  sight  intersect)  and  seen  as  a'b , 
while  two  shadowy  images,  a  and  V ,  are  seen  to  the  right 
and  left.  Their  position,  if  referred  to  the  plane  of 
sight,  and  as  determined  by  the  law  of  direction,  is 
given  by  connecting  the  points  B  A  and  L  B.  In 
Fig.  43  the  right  eye,  B ,  is  directed  toward  the  object 
A ,  and  the  left  eye,  Z,  toward  the  object  B.  The 
point  of  sight  is  therefore  beyond,  at  the  meeting  of 
the  optic  axes  or  lines  of  sight.  There  the  com¬ 
bined  images,  ab' ,  will  be  seen,  while  two  other  uncom¬ 
bined  images  will  be  seen  at  points  determined  by  the 
law  of  direction,  represented  by  continuing  the  lines 
B  B  and  Z  A  to  the  plane  of  sight.  It  is  evident  that 
in  this  case  the  two  objects  A  and  B  must  not  be  far¬ 
ther  apart  than  the  optic  centers  (interocular  space) ; 
otherwise  the  lines  of  sight  will  not  meet  in  a  point  of 
sight,  and  therefore  the  two  images  will  not  combine. 
Simple  inspection  of  the  diagrams  will  <<£^)lain  the 
phenomena,  if  the  reader  will  bear  (g^mind  that 
capitals  represent  objects  and  small^Qktters  external 
images ;  and  further,  that  the  jvQed  small  letters 
represent  left-eye  images,  thon^Qmg  lines  P  P  the 
actual  plane  of  the  objects, ^aW  the  dotted  lines  p  p 
the  plane  of  sight  or  of  theQnages. 

I  have  often  ainusajC£tnyself  by  combining  in  this 
way  the  faces  of  nw^gp-Jhds.  It  is  easy  thus  to  make 
a  composite  face  the  composite  photographs  we  so 
often  see.  Bilt^Jn  this  case  the  composite  face  is  not 
steady ;  sometimes  the  one,  sometimes  the  other  face 
prevails.Q 

persons  will  not  at  first  succeed  in  making 
thes&v^xperiments,  on  account  of  the  difficulty  which 
persons  experience  in  watching  double  images  and 
^controlling  the  movements  of  the  eyes.  To  such  AT7Q 


we 
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would  recommend  the  following  method  :  Let  the  two 
objects  set  up  before  the  eyes  in  the  first  experiment  be 
other  than  parts  of  the  body  of  the  observer — for  ex¬ 
ample,  a  card  and  a  rod,  or  two  rods.  Then,  while 
looking  at  the  table  on  which  the  objects  lie,  hold  up 
the  forefinger — or  better,  a  pencil — between  the  eyes 
and  the  objects.  The  pencil  will  of  course  be  double. 
Now,  by  bringing  the  pencil  nearer  or  carrying  it  far¬ 
ther,  its  double  images  will  separate  or  close  up.  Bring 
the  pencil  into  such  a  position  that  its  double  images 
shall  exactly  coincide  with  the  centers  of  the  two  ob¬ 
jects  which  you  desire  to  combine.  If  you  now  look 
at  the  pencil,  the  ocular  convergence  will  be  exactly 
suitable  for  combining  the  objects. 

In  the  cases  thus  far  mentioned  there  is  no  illusion  : 
the  combined  images  do  not  produce  the  appearance  of 
a  single  real  object,  as  in  the  case  of  combined  images 
of  the  same  object  producing  single  vision  •  Irebause,  in 
the  first  place,  the  two  objects  are  dissimihfgjfk nd  there¬ 
fore  the  combination  is  not  perfect ;  ai^yhi  the  second 
place,  the  illusion  is  destroyed  by  tl^jOfexistence  of  the 
two  other  uncombined  images.  ^fi©next  try  — 

2.  Similar  Objects. — If  thectw#  objects,  the  images 
of  which  we  desire  to  combilQjare  exactly  similar,  then 
the  combined  image  wilk<^  exactly  like  a  natural  ob¬ 
ject.  For  example  : v(^V 

Experiment  L-wvace  two  pieces  of  money  of  the 
same  kind  on  th^^tne,  being  careful  that  the  stamped 
figures  shalL  l#k  the  same  and  in  the  same  position. 
Now,  looki^Nlown  upon  them,  combine  as  before. 
Not  oil,  Ux^vill  the  outlines  of  the  two  pieces  com¬ 
bine,  In^tlie  stamped  figures  in  the  minutest  details,  so 
th&fe5^e  middle  combined  binocular  image  will  have  all 
W-  ippearance  of  a  real  object.  This  is  illustrated  by 
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Figs.  44  and  45,  in  which  the  position  of  parts  is  re¬ 
versed,  because  the  eyes  are  supposed  to  be  looking 
down.  In  Fig.  44  the  two  objects  (coins),  A  and  B , 


Fig.  45. 


'it' 

are  combined  by  crossing  the  eyes,  aewVthe  combined 
or  binocular  opaque  image  will  be  yS&m  at  the  point  of 
sight  as  a'b,  while  homonymo^sjKonocular  shadowy 
images,  a  and  V,  will  be  seen  rl^jiTand  left.  In  Fig.  45 
the  combination  is  made  bv  Woking  beyond  the  plane 
of  the  coins,  and  the  coinsfe  this  case  must  not  be  more 
than  an  interocular  ^w^apai-t.  The  combined  images, 
like  a  real  opaque 0bjeet,  will  be  seen  at  the  point  of 
sight  ab\  and  ths^Jjkt)  shadowy  monocular  images  right 
and  left,  as  bqfeye,  only  they  are  now  heteronymous. 

In  thifuC^s,  though  the  combination  is  perfect,  yet 
the  illu&j^is  still  not  complete,  because  of  the  presence 
of  thelwfcompanying monocular  images;  but  the  forma- 
tisinvMj  these  may  be  prevented  by  the  use  of  appro- 


.VI? 


iate  screens. 
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Experiment  <2. — If  in  the  first  experiment  with  the 
money,  before  combining,  we  hold  two  cards,  sc,  so', 
Fie:.  46,  one  in  either  hand  and  at  about  half  the  diS- 
tance  to  the  table  (the  best  distance  is  the  plane  of  com- 
bination  or  plane  of  sight,  for  then  there  will  be  no 
doubling  of  the  cards),  in  such  position  that  the  card 
in  the  right  hand,  sc,  will  hide  the  right  piece  A  from 
the  right  eye  but  not  from  the  left,  and  the  card  in  the 
left  hand,  sc',  will  hide  the  left  piece  B  from  the  left 
eye  but  not  from  the  right,  and  then  make  the  com¬ 
bination  by  crossing  the  eyes,  the  combined  binocular 
opaque  image  will  be  formed  as  before ;  but  the  mo¬ 
nocular  images  will  not  appear,  because  there  will  be  no 


Fig.  40. 


Fig.  47. 
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otlier  retinal  image  formed  except  on  the  central  spots. 
This  is  rerar&Snted  in  Fig.  46.  In  case  we  combine 
beyond^th|b  plane  of  the  objects,  then  a  median  screen, 
sc,  w  \,  extending  from  the  root  of  the  nose  n  to 
tWtable,  midway  between  the  objects,  will  prevent  the 
formation  of  the  monocular  images,  as  shown. 
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Or  the  same  results  may  he  obtained  without  the 
use  of  screens  by  causing  the  two  monocular  images  to 
fall  on  the  blind  spots. 

Experiment  3 . — Place  two  similar  small  coins  on  the 
table  5  or  6  inches  apart  and  combine  as  before  by  con¬ 
vergence.  Now  looking  steadily  at  the  combined  image, 
move  the  head  nearer  or  farther  away.  At  a  certain 
distance  the  monocular  images  disappear  and  only  the 
one  combined  image  remains,  looking  like  a  real  coin 
lying  on  the  table. 

But  in  these  cases,  although  the  union  of  the  two 
images  is  perfect,  and  although  we  see  nothing  but  an 
apparently  solid  opaque  object,  even  yet  the  illusion  is 
not  absolute  ;  partly  because  the  details  of  the  table 
are  doubled  and  therefore  the  table  looks  unreal,  and 
partly  because  the  eye  is  adjusted  to  the  point  of  sight, 
whereas  the  light  comes  from  the  object,  ^vhich  is 
either  nearer  as  in  Fig.  47,  or  farther  off  ig.  46, 

than  that  point. 

This  case  may  be  varied  in  many 
card  and  make  in  it  two  pin  holea 
lar  space  apart.  Lay  it  on  tltfTfeOe 
holes  shall  be  before  the  t1^  eyes, 
be  seen  by  its  own  eye  a'^ 
hid  by  the  nose.  They 

one  hole  will  be  se<n0ftP  the  middle,  through  which 
both  eyes  seem  tqrwbk.  (b)  Spectacles  when  on  the 
nose  are  a  good  ^frustration.  There  are  two  circles,  one 
seen  by  eaoMjye  and  hidden  from  the  other  eye  by 
the  nose.  rev  therefore  combine  and  we  see  but  one 
circle  .Mviie  middle  through  which  we  look  with  both 
eyes.^yU)  For  those  who  are  so  fortunate  as  to  have  a 


gr 

(a)  Take  a 
:tly  an  interocu- 
so  that  the  two 
Each  hole  will 


the  other  hole  being 
ieyjw2l  unite  completely  and  only 
tl 


with  whom  they  can  take  such  a  liberty,  we 
^ould  recommend  the  following :  Place  the  two  faces 
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together,  forehead  to  forehead,  nose  to  nose,  and  gaze 
straight  into  the  eyes.  Only  one  eye  will  be  seen  in 
the  middle.  Those  who  are  not  so  fortunate  may  make 
the  same  experiment  on  their  own  faces  in  a  mirror. 

But  in  all  the  preceding  cases,  for  one  reason  or  an¬ 
other,  the  illusion  still  lacks  completeness.  We  will 
therefore  try  still  another  case. 

3.  Many  Similar  Objects  regularly  arranged. — The 
illusion  is  most  complete  when  we  combine  the  images 
of  many  similar  objects  regularly  arranged  over  the 
whole  field  of  view,  such  as  the  regular  figures  of  a 
tessellated  pavement  or  oilcloth,  or  of  a  regularly  fig¬ 
ured  carpet  of  small  pattern,  or  of  a  papered  wall  of 
regular  pattern,  or  the  diamond-shaped  spaces  of  a  wire 
grating.  In  such  a  case,  when  by  convergence  we  com¬ 
bine  two  contiguous  figures  immediately  in  front,  other 
contiguous  figures  all  over  the  plane  also  combine,  and 
we  see  a  phantom  as  perfect  as  reality  itself>Jbut  with 
the  figures  smaller  than  the  real.  In  othpSvVvords,  by 
the  motion  of  the  eyes  in  opposite  divisions  in  con¬ 
vergence,  the  images  of  the  whole  of  the  figured 
surface  are  slidden  by  one  ev&j©  the  left  and  by 
the  other  eye  to  the  right,  I  combination  takes 
place  again  over  the  whole  When  the  combina¬ 

tion  is  effected,  if  we  lipfti>  the  point  of  sight  steady, 
the  combined  images ^©)the  figures,  at  first  a  little 
blurred,  become  sha^Cand  clear ;  and  then  the  whole 
figured  plane  co^eMurward  to  the  point  of  sight,  and 
appears  ther£  ^distinctly  as  a  real  object,  but  on  a 
smaller  scal<Ty*  proportion  to  the  less  distance.  This 
is  repr^tfkM  in  Fig.  48,  in  which  the  strong  line  P  P 
repres^ra  the  plane  of  the  regular  figures  1,  2,  3,  4,  5, 
et^hen  contiguous  figures,  6  and  7,  are  united  by 
Convergence  at  the  point  of  sight,  and  seen  there,  then 
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all  other/  contiguous  figures,  1  and  2,  2  and  3,  etc.,  all 
over  the  plane,  will  be  similarly  united,  and  the  whole 
plane  with  all  its  figures  will  advance  and  be  distinctly 
seen  at  the  distance^'  p' .  When  by  stronger  conver¬ 
gence  alternate  figures,  5  and  7,  are  combined  at  a  nearer 
point  of  sight  5  on  the  plane  p" p"  — or  (which  is  the 


Fig.  48. 


same)  when  w^yse  the  plane  pf  p*  first  obtained  with 
all  its  figur^ts  a  real  object,  and  again  combine  con- 
tiguousJ^ufes — the  whole  plane  advances  to  p" p’\  and 
is  seenN^K a  distinct  object  with  a  still  smaller  pattern 
ofyS^mres.  Using  the  plane  thus  obtained  again  as  an 
Mm  *ct,  and  uniting  its  contiguous  figures,  the  whole 
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plane  again  advances  still  nearer,  and  the  figures  be¬ 
come  still  smaller  at  jp'"  p'".  In  this  manner  I  have 
often  distinctly  seen  a  regularly  figured  wail  or  pave¬ 
ment  on  six  or  seven  different  planes  coming  nearer 
and  nearer,  and  becoming  smaller  and  smaller,  until  the 
nearest  was  within  3  inches  of  the  eyes,  and  the  figures 
in  exquisite  miniature,  and  yet  the  whole  so  apparently 
real  that  it  seemed  to  me  I  could  rap  my  knuckles 
against  the  wall  or  pavement.  When  thus  looking  at 
the  nearest  image,  by  a  slight  relaxation  of  convergence, 
we  may  drop  the  image  and  catch  it  on  the  next  plane, 
and  again  drop  it  to  each  successive  plane,  until  it  falls 
to  its  natural  place.  In  cases  of  extreme  converg¬ 
ence,  as  in  plane"",  the  phantom  plane  is  not  flat,  but 
convex.  This  will  be  explained  hereafter — Chapter 
III,  Part  III. 

If  the  figures  of  the  pattern  are  not  larger  than  the 
distance  between  the  optic  centers  (2^  inclie^4}ien  it  is 
possible  also  to  unite  the  figures  beyond  tffivt’eal  plane 
— i.  e.,  on  the  plane  Pf  Pf.  In  this  cas^he  figures  will 
be  proportionately  enlarged,  as  sho^ipoy  the  diagram. 
But  it  is  difficult  by  this  meth^d^>  make  the  image 
clear,  the  reason  for  which  wqLsrowl  soon  see. 

In  all  cases  of  illusive  im(j]^s  or  phantoms  the  head 
ought  to  be  held  steady^^f  it  be  moved  from  side  to 

n  image,  the  image  will  also 
the  same  direction  as  the 


side  while  gazing  at 
move  from  side  toJ^fife — i 


head  if  the  pointfoj^glit  be  nearer  than  the  object,  and 
in  the  opposil^  direction  if  the  point  of  sight  be  be¬ 
yond  the  ob(j^t — i.  e.,  in  both  cases  there  is  a  parallac¬ 
tic  turm^Jabout  a  point  at  the  distance  of  the  real 
objecpv^t  is  necessary  too,  in  all  experiments  on  com- 
bmaKi|n  of  images,  that  the  interocular  line  should  be 
^aExly  parallel  with  the  line  joining  the  objects  to  be 
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otherwise  one  image  will 


Le  higher 


than 


combined  : 
the  other. 

Dissociation  of  Consensual  Adjustments. — We  have 
said  above  that  when  the  combination  in  case  3  (and  so 
also  in  the  other  cases)  is  first  obtained,  the  image  of  the 
figures  is  not  distinct,  but  afterward  becomes  clear  and 
sharp.  The  reason  is  this  :  The  voluntary  adjustment 
of  the  optic  axes  (axial  adjustment)  to  a  nearer  distance 
than  the  object  carries  with  it,  by  consensus,  the  focal 
adjustment  and  pupillary  contraction  for  the  same  dis¬ 
tance.  But  since  the  lenses  are  adjusted  for  a  nearer 
distance  than  the  object,  the  retinal  image  will  be  in¬ 
distinct.  The  subsequent  clearing  of  the  image,  there¬ 
fore,  is  the  result  of  a  dissociation  of  the  axial  and  focal 
adjustments.  The  oj)tic  axes  are  adjusted  for  the  point 
of  sight  or  distance  of  the  illusive  image  or  phantom, 
and  the  lenses  are  adjusted  for  the  distance  of  the  ob¬ 
ject.  Some  persons  do  not  find  it  easy  toamfce  this 
dissociation,  and  therefore  to  make  the  i]0^ve  image 
perfectly  clear.  To  presbyopic  persons^^is  not  diffi¬ 
cult,  but  normal  eyes  will  find  som^biiougli  not  insu¬ 
perable,  difficulty.  All  clifficult/plwvever,  may  be  re¬ 
moved  by  the  use  of  glasses^chfcave  in  the  case  of 


combination  by  squinting,  a©  convex  in  the  case  of 
combination  beyond  the  of  the  object.  But  of 

course  each  pair  of  can  remedy  the  difficulty 

for  one  distance  onl^^ 

Now  it  becon(^an  interesting  question  :  When  the 
axial  and  focdC^djustments  are  thus  dissociated,  with 
which  one  the  pupillary  contraction  ally  itself  ?  I 
answer  AK^iies  itself  with  the  focal  adjustment.  This 
may  behoved  as  follows  : 

s^Sfiperiment. — While  the  combination  and  the  for- 
^tion  of  the  illusive  image  are  taking  place,  let  an 
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assistant  standing  behind  observe  the  pupil  in  a  small 
mirror  suitably  placed  in  front  and  a  little  to  one  side 
of  one  eye.  He  will  see  that  at  first  the  pupil  contracts 
strongly,  associating  itself  with  the  axial  and  focal  ad¬ 
justments  to  the  point  of  sight ;  but  as  soon  as  the  illu¬ 
sive  image  clears  and  becomes  distinct,  he  will  observe 
that  the  pupil  has  enlarged  again.* 

General  Conclusions. — It  is  evident,  therefore,  that 
the  combination  of  the  similar  images  of  two  different 
objects  may  produce  the  same  visual  effect  as  the  com¬ 
bination  of  the  two  images  of  the  same  object.  In 
other  words,  single  vision,  or  ordinary  perception  of 
objects,  is  by  combination  of  two  similar  images  ;  and 
it  makes  no  difference  whether  the  two  images  belong 
to  the  same  object  or  to  two  different  but  similar  ob¬ 
jects.  This  idea  must  be  clearly  apprehended  and  held 
fast ;  otherwise  all  that  follows  will  be  unintelligible. 

Again,  it  is  evident  that  two  objects  may  be  seen  as 
one,  and,  contrariwise,  one  object  may  bey^q^  as  two 
images.  We  see  then  the  absolute  nece^@y,  in  binoc¬ 
ular  vision,  that  we  should  speak  of  seejfig  only  external 
images ,  the  signs  of  objects .  ThejSx&re  usually — i.  e., 
under  ordinary  conditions— th^wie  signs,  but  often 
untrue,  deceptive,  illusory  sigfc.  Images  the  signs  of 
objects !  Does  this  seenvsrrange  ?  Do  we  not  con¬ 
tinually  see  images  in  ffnrrors  ;  and  do  w^e  not  often 
mistake  them  for  although  they  are  only  the 

signs  of  objects  tp 

*  I  have  reasQn^o  believe  that  this  is  not  always  the  case.  Prof. 
Le  Conte  Stevei^vw)  is  a  very  careful  and  competent  experimenter  in 
binocular  pbotfb^rena,  tells  me  that  in  his  case  the  pupil  allies  itself  with 
the  ocul^^mrergence,  and  therefore  docs  not  dilate  when  the  phantom 
clears.  4  > 


CHAPTER  III. 
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Thus  far  we  have  investigated  the  case  of  flat  ob¬ 
jects,  or  of  figures  or  colored  spaces  on  a  plane.  We 
have  shown  how  the  images  of  these  may  be  combined 
at  pleasure,  so  as  to  give  the  illusory  appearance  of 
objects  or  figures  at  places  and  of  sizes  different  from 
their  real  places  and  sizes.  W e  come  now  to  the  more 
complex  case  of  solid  objects  of  three  dimensions ,  and 
of  objects  situated  at  different  distances.  We  have 
shown  that  we  perceive  relative  position  in  tw^limen- 
sions  by  the  law  of  direction.  But  ho^^SS  it  with 
relative  position  in  the  third  dimension*  We  now 
proceed  to  show  that  this  is  dne  tOy<T^  law  of  corre¬ 
sponding  points.  This  brings  us^QFie  important  sub¬ 
ject  of  the  perception  of  depth  xd/  space  so  far  as  this 
is  connected  with  binocularii^^  or,  in  other  words,  to 
the  subject  of  binocular  respective.  We  will  intro¬ 
duce  the  subject  with  scm^)simple  experiments. 

Experiment  l.—fSi&Qe  one  forefinger  before  the 
other  in  the  mecMliWplane,  as  in  experiment  3  cn  page 
109.  As  already  i^een,  when  we  look  at  the  farther 
finger  and  s^vkHsingle,  the  nearer  one  is  doubled  lieter- 
onymou^h^Vwhen  we  look  at  the  nearer  finger  and 
see  it  st^pe,  the  farther  one  is  doubled  homonymously. 

no^  see  them  both  single  at  the  same  time.  The 
reason  is  obvious.  If  we  shut  one  eye,  say  the  left,  we 
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see  tlie  fingers  as  in  Fig.  49, 1 ;  if  we  shut  the  right  eye, 
we  see  them  as  in  Fig.  49,  II.  Now  these  two  can  not 
be  combined,  because  they  are  different.  When  we 
combine  the  images  of  the  farther  fingers,  a  and  a\  the 
nearer,  b  and  b\  will  not  have  come  together  yet,  and 
will  therefore  be  heteronymously  double,  as  in  Fig.  50, 1 ; 


Fig.  49.  Fig.  50. 


when  by  greater  convergence  we  combine  the  images 
b  and  b'  of  the  nearer  finger,  then  the  image^  and  a! 
of  the  farther  will  have  crossed  over  and  v&c.  3me  ho- 
monymously  double,  as  in  Fig.  50,  II.  tf^in  previous 
experiments,  double  images  are  given/m  dotted  outline 
because  transparent,  and  left-eye  ^images  are  marked 
with  primed  letters,  and  comb:  in^yif  i ages  with  capitals. 

Now,  in  this  experiment  w&vare  distinctly  conscious 
of  a  greater  convergence  (^.  tne  optic  axes  necessary  to 
combine  the  double  ima^jgk  of  the  nearer  finger,  and  of 
a  less  convergence  to^nibine  the  double  images  of  the 
farther.  Thus  the  eyfcs  range  back  and  forth  by  greater 
and  less  convexgerlee,  combining  the  double  images  of 
the  one  and  ^pother  by  transferring  the  point  of  sight 
from  on^vme  other ;  and  thus  we  acquire  a  distinct 
percep^^gi^  of  distance  between  the  two.  It  is  literally 
a  ram^  process  of  triangulation,  the  base-line  being  the 
mtm>cular  distance. 
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Thus  far  we  have  explained  the  perception  of  depth 
of  space  between  separate  objects  lying  one  beyond  the 
other.  We  now  take  the  case  of  a  single  object  occupy¬ 
ing  considerable  depth  of  space  in  the  line  of  sight. 

Experiment  — We  take  a  rod  about  a  foot  long, 
and  hold  it  in  the  median  plane  a  little  below  the  hori¬ 
zontal  plane  passing  through  the  eyes,  so  that  we  can 
see  along  its  upper  edge,  the  nearer  end  about  six  or 
eight  inches  from  the  eyes.  If  now,  shutting  the  left 
eye,  we  observe  the  projection  of  the  rod  against  the 

wall,  it  will  be  like  this —  b  — a  being  the  nearer 
and  b  the  farther  end.  If  we  shut  the  right  eye  and 
open  the  left,  the  projection  will  be  like  this —  \ar 

These  lines  are  exactly  like  the  retinal  images  formed 
by  the  rod  in  the  right  and  left  eyes  respectively,  ex¬ 
cept  that  these  images  are  inverted.  Or,  to  express  it 
differently,  these  lines  would  make  images^ofr^he  right 
and  left  retin se  respectively  exactly  like  tfrofce  made  by 
the  rod ;  they  are  the  facsimiles  of  the^^ternal  images 
of  the  rod.  If  we  now  open  both  eJ^&Wd  fix  attention 
on  the  farther  end,  then  the  peijQr  end  will  be  seen 
double  heteronymously,  anct  the  projection  will  be 

*  (y 

thus —  /\  .  If,  on  tjm  contrary,  we  look  at  the 


a< 


nearer  end,  then  th&®  course  will  be  single,  but  the 

nonymously,  and 


If,  finally,  wre 


look  at^dSj^  middle  point,  this  point  will  of  course  be 
seen  &^g!e,  but  both  ends  double,  the  one  homony- 
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external  images  of  tlie  rod  belonging  to  the  two  eyes 


respectively  are  like  these  lines —  J  and  ^  / :  if 


these  two  be  brought  together  so  as  to  unite  the  far¬ 
ther  ends  b  b\  then  by  greater  convergence  the  mid¬ 
dle  points,  and  then  by  still  greater  convergence  the 
nearer  ends  a  a ',  the  three  projections  above  given  are 
obtained ;  but  it  is  obviously  impossible  to  unite  all 
parts  and  see  single  the  whole  rod  at  once.  Now,  if  we 
observe  attentively,  we  find  that  in  looking  at  the  rod 
the  eyes  range  back  and  forth  by  greater  or  less  con¬ 
vergence,  uniting  successively  the  different  parts,  and 
thus  acquire  a  distinct  perception  of  the  difference  of 
distance  or  depth  of  space  between  the  nearer  and  the 
farther  end. 

Experiment  3. — We  take "  next  a  small  thin  book, 
and  hold  it  as  before  six  to  eight  inches  distant  in  the 
median  plane,  a  little  below  the  horizontal  ^Mane  of 
sight,  so  that  the  back  and  the  upper  edg^^eVisible. 
If  we  shut  the  left  eye,  we  see  the  back,  t^^upper  edge, 

and  the  whole  right  side,  thus —  e  retinal  image 

formed  in  the  right  eye  is  exactflyjj&e  this  figure,  except 
that  it  is  inverted ;  this  figu^Snakes  exactly  the  same 
retinal  image  as  the  bookMoes  in  the  right  eye ;  it  is 
the  facsimile  of  the  exte£ml  image  of  the  book  for  the 
right  eye.  If  we  sli>W  ne  right  eye  and  open  the  left, 
we  see  the  bac  i^p  upper  edge,  and  the  whole  left 

side,  thus — if  we  open  both  eyes,  we  must 

and  do  <^jQ>oth  these  images.  If  we  look  beyond  the 
book,  two  images  are  wholly  separated,  thus — 

^  jjtj.  If  we  look  at  the  farther  part,  we  bring  these 
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two  images  together  so  as  to  unite  the  farther  part  and 
see  it  single,  hut  the  nearer  part  or  back  is  double, 

thus —  J|jj.  If  we  look  at  the  nearer  part  or  back, 

then  this  is  seen  single,  but  the  farther  edge  is  now 

double,  thus —  But  by  no  effort  is  it  possible  to 

see  it  single  in  all  parts  at  the  same  time,  because  these 
dissimilar  external  images  can  not  be  wholly  united. 
The  eyes  therefore  range  rapidly  back  and  forth,  suc¬ 
cessively  uniting  different  parts  by  greater  and  less 
convergence,  and  thus  acquire  a  distinct  perception  of 
distance  between  the  back  and  front,  and  hence  of  depth 
of  space. 

The  fact  that  two  eyes  are  necessary  for  accurate 
estimate  of  distance  may  be  illustrated  by  many  familiar 
facts,  (a)  Using  one  eye  only  we  can  not  dip  a  pen 
into  an  inkstand  with  the  same  accuracy  am3ffcl|nfidence 
as  with  both  eyes  open,  (i)  If  we  wisl^Jp  draw  the- 
outlines  of  a  complex  object,  like  a  ch^jfi^or  a  table,  we 
shut  one  eye,  so  as  to  destroy  as  feqOh  as  possible  the 
perception  of  depth  of  space  aodv^  project  the  object 
on  a  plane  at  right  angles  t^nre  line  of  sight.  ( c )  If 
two  brass  balls  be  hung  bj^ne  black  threads  invisible 
in  a  darkish  room,  one  :  a  @ot  or  two  beyond  the  other, 
the  farther  one  a  Amsylarger  than  the  nearer,  and 
viewed  nearly  in  &3jpe  and  from  such  a  distance  that 
their  angular  d^mjeters  are  equal :  then,  using  one  eye, 
they  will  seei^to  hang  side  by  side,  and  it  will  be  im¬ 
possible  to(g^  which  is  the  farther  off ;  but  as  soon  as 
we  us^Qth  eyes  the  depth  of  space  between  is  per- 
ceivecfcvfct  once. 

Ain  order  to  make  the  principle  clearer. 

/ 


a  f  course  in  these  figures  the  amount  of  doubling  is  exaggerated 
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After  these  simple  illustrations  we  are  now  prepared 
to  generalize.  It  is  evident  that  solid  objects  as  seen 
by  two  eyes  form  different  mathematical  projections, 
and  therefore  form  different  retinal  images  in  the  two 
eyes,  and  therefore  also  different  external  images. 
Hence  the  images  of  the  same  object,  whether  retinal 
or  external,  formed  by  the  two  eyes,  are  necessarily 
dissimilar  if  the  object  occupies  considerable  depth  of 
space.  But  dissimilar  images  can  not  be  united  wholly : 
for  when  by  stronger  convergence  we  unite  the  nearer 
parts,  the  farther  will  be  double;  and  when  by  less 
convergence  we  unite  the  farther  parts,  the  nearer  will 
be  double.  Therefore  the  eyes  run  rapidly  and  uncon¬ 
sciously  back  and  forth,  uniting  successively  different 
parts,  and  thus  acquire  the  perception  of  depth  of 
space  occupied  by  the  object.  But  what  is  true  of  a 
single  object  is  true  of  different  objects  placed  one  be¬ 
yond  the  other,  as  the  two  fingers  in  experim^ml,  page 
138.  We  can  not  at  the  same  time  uni^Tearer  and 
more  distant  objects,  but  the  point  of  sjgkrruns  rapidly 
and  unconsciously  back  and  forth,  fitting  them  succes¬ 
sively,  and  thus  we  acquire  a  peraspli^n  of  depth  of  space 
lying  between  them.  There^re^A^  perception  of  the 
third  dimension ,  viz.,  depth  elective  distance,  whether 

in  a  single  object  or  in  aj&frie,  is  the  result  of  the  suc¬ 
cessive  combination  different  parts  of  the  two 

dissimilar  images  <$She  object  or  the  scene :  dissimilar, 
because  taken  f^ydifferent  points,  viz.,  the  two  eyes 
with  the  inteC^cular  distance  between.  This  funda¬ 
mental  pnjtf^ition  will  be  slightly  modified  in  our 
chaptei^OTvthe  theory  of  binocular  perspective.  In  the 
mean  flv^e  it  must  be  clearly  conceived  and  held  fast ; 
otheMyise  all  that  follows  on  stereoscopy  will  be  unin- 
Wngible. 
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THE  PRINCIPLES  OF  STEREOSCOPY. 


We  have  shown  (pages  133-135)  that  we  may  have  a 
phantom  -plane  ^where  no  plane  exists.  So  also  we  may 
have  a  pliantom-^&ctf  where  no  space  exists.  Stereos¬ 
copy  is  the  art  of  making  such  phantom-space. 

We  have  already  seen  (page  112)  that  in  binocular 
vision  we  see  objects  single  by  a  combination  of  two 
similar  or  nearly  similar  images,  and  that  therefore 
(page  137)  it  makes  no  difference  whether  the  images 
are  those  of  the  same  object  or  of  different  objects,  if 
the  images  in  the  two  cases  are  identical,  and  if  we  take 
care  to  cut  off  the  monocular  images  which  are  formed 
in  the  latter  case.  Hence,  if  we  draw  two  pictures  of 
a  rod  in  the  two  positions  shown  in  Fig.  51,  and  then 


Fig.  51. 


& 


sS> 


combine  them  by  convey 
cut  off  the  monocular 
Fig.  46,  the  visual 


id§)the  eyes,  taking  care  to 
fes  as  directed  on  page  131, 
vill  be  exactly  the  same  as 


that  of  an  actual^  radCSl  the  median  line ;  and  therefore 


;ual  rqrdy 
lik^jjuc 


& 


it  will  look  lik^jjuch  a  rod.  As  in  the  case  of  the 
actual  rod,  bj^greater  0r  less  convergence  of  the  optic 
axes  we  m^Ocombine  successively  different  parts ;  and 
the  ev^sSjherefore  seem  to  run  hack  and  forth,  and  we 
haveiaxtistinct  perception  of  depth  of  space.  To  pro- 
dt^jthe  proper  effect,  the  two  pictures  of  Fig.  51 
flight  to  be  combined  at  a  distance  of  about  one  foot. 
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So  also  in  tlie  case  of  the  book,  page  141.  If  we 
exactly  reverse  the  case  described  there — i.  e.,  if  we 
make  two  pictures  of  a  book  as  seen  by  one  eye  and 
the  other,  and  then  combine  them,  cutting  off  the  mo¬ 
nocular  images — we  have  the  exact  appearance  of  an 
actual  solid  book.  The  only  reason  why  the  illusion  is 
not  complete  is,  that  there  are  other  kinds  of  perspec¬ 
tive  besides  the  binocular ;  and  in  this  case  especially 
because  there  is  not  the  same  change  of  focal  adjust¬ 
ment  necessary  for  distinct  image  as  in  the  case  of  a 
real  object. 

How  this  is  the  principle  of  the  stereoscope.  The 
stereoscope  is  an  instrument  for  facilitating  the  com¬ 
bination  of  two  such  pictures,  and  at  the  same  time 
cutting  off  the  uncombined  monocular  images  which 
would  tend  to  destroy  the  illusion. 

Stereoscopic  Pictures. — When  we  look  at  an  object 
having  considerable  depth  in  space,  or  at  a  there 

is  an  image  of  the  object  or  scene  formed  <0%ach  retina. 
These  two  images  are  not  exactly  ali^^  because  they 
are  taken  from  different  points  of  How  suppose 

we  draw  two  pictures  exactly  these  two  retinal 
images,  except  inverted.  rely  these  two  pictures 

will  make  images  on  the  corresponding  retinse  exactly 
like  those  made  by  the  (jj^nal  object  on  the  one  retina 
and  the  other,  and  ^thE^Sfore  will  be  exactly  like  this 
object  seen  by  ono^e  and  then  by  the  other.  How, 
we  have  seen  tl^ejwonderful  similarity  of  the  eye  to  a 
photographic (pjimera.  Suppose,  then,  instead  of  draw¬ 
ing  the  pic^^bs  like  the  two  retinal  images,  we  photo¬ 
graph  Two  cameras  are  placed  before  an  object 

or  a  s^^he  with  a  distance  between  of  two  or  three  feet, 
are  like  two  great  eyes  with  large  interocular 
^pSce.  The  sensitive  plate  represents  the  retina,  and 
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the  pictures  the  retinal  images.  The  photographic 
pictures  thus  taken  can  not  be  exactly  alike,  because 
taken  from  different  points.  They  will  differ  from 
each  other  exactly  as  the  two  retinal  images  of  the  same 
object  or  scene  differ ,  only  certainly  in  a  greater  degree. 
Therefore,  if  these  two  photographs  be  binocularly 
combined  as  in  the  experiments  previously  given,  they 
ought  to  and  must  produce  a  visual  effect  exactly  like 
an  actual  object  or  scene ;  for  in  looking  at  an  object 
or  scene,  we  are  only  combining  retinal  images  (or  their 
external  representatives)  exactly  like  these  pictures,  be¬ 
cause  taken  in  the  same  way. 

This  is  substantially  the  manner  in  which  stereo¬ 
scopic  pictures  are  taken.  It  is  not  always  necessary, 
indeed,  to  have  two  cameras ;  for  the  pictures,  being 
permanent  and  not  evanescent  like  retinal  images,  may 
be  retained  combined  at  any  time.  The  object  or 
scene  is  often  photographed  from  one  p^trpn,  and 
then  the  camera  is  moved  a  little,  and  th<©ame  object 
or  scene  is  again  photographed  from  new  position. 
The  two  slightly  dissimilar  pictures^W^  taken  are  then 
mounted  in  such  wise  that  the  ^V^-hand  picture  shall 
be  that  taken  by  the  right  6^mera,  and  the  left-hand 
picture  that  taken  by  the  lefOamera.  In  other  words, 
they  are  mounted  so  tl  «0the  right  picture  shall  be 
similar  (except  inveri^pto  the  retinal  image  of  the 
object  or  scene  in  right  eye,  and  the  left  picture 
to  the  retinal  iiQa^e  in  the  left  eye.  The  marvelous 
distinctness  ♦<j£ythe  perception  of  depth  of  space,  and 
therefore  ^©marvelous  resemblance  to  an  actual  object 
or  sce^^vfu’oduced  by  binocular  combination  of  such 
pictures  properly  taken  and  properly  mounted,  is  well 

^Tt  is  easy  to  test  whether  stereoscopic  pictures  are 
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properly  mounted  or  not.  Select  some  point  or  object 
in  the  foreground  ;  measure  accurately  with  a  pair  of 
dividers  the  distance  between  it  and  the  same  point  or 
object  in  the  other  picture ;  compare  this  with  the  dis¬ 
tance  between  identical  points  in  the  extreme  back¬ 
ground  of  the  two  pictures.  The  distance  in  the  latter 
case  ought  to  be  greater  than  in  the  former.  This  is 
the  proper  mounting  for  viewing  pictures  in  a  stereo-  ' 
scope.  If  they  are  to  be  combined  with  the  naked  eye 
by  convergence,  then  the  reverse  mounting  is  necessary. 

Combination  of  Stereoscopic  Pictures.— Stereoscopic 
pictures  may  be  easily  combined  by  the  use  of  the  ste¬ 
reoscope  or  with  the  naked  eyes.  For  inexperienced 
persons,  however,  the  latter  is  more  difficult  and  the 
illusion  less  complete,  unless  with  special  precautions. 
Nevertheless,  it  will  be  best  to  begin  with  this  method, 
because  the  principles  involved  are  thus  most  easily 
explained. 

Combination  with  the  Naked  Eyes. — (f&peyond  the 
jplane  of  the  picture.  In  combining ^fi^eoscopic  pic¬ 
tures  with  the  naked  eyes,  there  ai^^vo  difficulties  in 
the  way  of  obtaining  the  best  First,  it  is  evi¬ 

dent  that  such  pictures,  as  u^uly  mounted,  were  in¬ 
tended  to  be  combined  beyoft^  the  plane  of  the  card ; 
for  it  is  only  thus  that  tbeM&ject  or  scene  can  be  seen 
in  natural  perspectiv^o@cMf  natural  size,  and  at  natural 
distance.  But  in  Bi^fl^ombining,  the  eyes  are  of  course 
looking  at  a  distai^object,  and  consequently  parallel  or 
nearly  so.  Tl^jeyes  are  therefore  focally  adjusted  for 
a  distant^  okOt,  but  the  light  comes  from  a  very  near 
objeet^  the  card-pictures.  Hence,  although  the 
pictu^eNimite  perfectly,  the  combined  image  or  scene 
isH(Mi|tinct.  Myopic  eyes  will  not  experience  this  dif- 

fty,  and  in  normal  eyes  it  may  be  remedied  by  the 
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use  of  slightly  convex  glasses.  Such  glasses  supple¬ 
ment  the  lenses  of  the  eye,  and  make  clear  vision  of  a 
near  object  when  the  eyes  are  really  looking  far  away  ; 
or,  in  other  words,  make  a  clear  image  of  a  near  object 
on  the  retina  of  the  unadjusted  eye. 

Another  difficulty  is,  that  the  pictures  are  usually  so 
mounted  that  identical  points  are  farther  apart  than  the 
interocular  distance,  and  therefore,  even  with  the  optic 
axes  parallel — i.  e.,  looking  at  an  infinite  distance — the 
pictures  do  not  combine.  This  difficulty  is  easily  re¬ 
moved  by  cutting  down  the  inner  edges  of  the  two  pic¬ 
tures,  in  order  to  bring  them  a  little  nearer  together,  so 
that  identical  points  in  the  background  shall  be  equal 
to  or  a  little  less  than  the  interocular  distance.* 

With  this  explanation  we  now  proceed  to  give  ex¬ 
amples  of  naked-eye  combination. 

Fig.  52  represents  a  projection  of  a  skeleton  trun¬ 
cated  cone  made  of  wire,  as  seen  from  twQ%pdsitions  a 


<r 

little  separate^  J  Wm  each  other ;  in  other  words,  as  they 
would  be  by  two  cameras  for  a  stereoscopic  card ; 

or,  againTas  they  would  be  taken  on  the  retinae  of  the 
two  o^^looking  at  such  a  skeleton  truncated  cone  with 
th^maller  end  toward  the  observer. 

In  a  subsequent  chapter  we  give  the  method  of  determining  with 
^JJiccuracy  the  interocular  distance. 

£ 
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Experiment. — If  we  now  place  a  median  screen  10 
inches  or  a  foot  long  midway  between  these  two  figures, 
A  and  £,  and  place  the  nose  and  middle  of  forehead 
against  the  other  edge  of  the  screen,  so  that  the  right 
eye  can  only  see  A  and  the  left  eye  B — assisting  the 
eye  with  slightly  convex  glasses  if  necessary — and  then 
gaze  as  it  were  at  a  distant  object  beyond  the  plane  of 
the  picture,  the  two  figures  will  be  seen  to  approach 
and  finally  to  unite  in  one,  and  appear  as  a  real  skeleton 
truncated  cone  of  a  considerable  height.  If  we  are  able 
to  analyze  our  visual  impressions,  we  shall  find  further 
that,  when  we  look  steadily  at  the  larger  circle  or  base, 
the  smaller  cone  or  summit  is  slightly  double,  and  when 
we  look  steadily  at  the  smaller  circle  or  summit  this  be¬ 
comes  single,  but  now  the  larger  circle  or  base  is  double ; 
further,  that  it  requires  a  greater  convergence,  as  in 
looking  at  a  nearer  object,  to  unite  the  smaller  circles, 
and  a  less  convergence,  as  in  looking  at  a^^rp  distant 
object,  to  unite  the  larger  circles  ;  and  stjM2further,  that 
the  lines  a  a'  and  b  V  behave  exactly  like  the  lines  de¬ 
scribed  on  page  140,  forming  a  V^m-lnverted  V,  or  an 
X,  according  to  the  distance  of  ^Sp^point  of  sight ;  or, 
in  other  words,  behave  exactly  nxe  the  two  images  of 
a  rod  held  in  the  median  fdane  with  one  end  nearer 
than  the  other.  In  a  siraajle  word,  the  phenomena  are 
exactly  those  prodimeOTSy  looking  at  an  actual  skeleton 
cone  made  of  wiretfX^Tlius,  as  in  the  case  of  an  actual 
object,  the  eyo^by  greater  or  less  convergence  run 
their  point  ♦<$jsight  back  and  forth,  uniting  different 


aj^N^etween  the  smaller  and  larger  circles. 

'lik  vsame  is  true  of  all  pictures  constructed  on  this 


pa^ei  pie,  and  all  objects  or  scenes  on  stereoscopic  cards. 
Sr  these,  it  will  be  remembered,  identical  points  in  the 
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0 


foreground  are  always  nearer  together  than  identical 
points  in  the  background  ;  therefore,  when  the  back¬ 
ground  is  united  the  foreground  is  double  and  vice 
versa.  We  may  represent  these  facts  diagrammatically 
by  Fig.  53,  in  which  p  p  is  the  plane 
of  the  pictures ;  ms,  the  median  screen 
resting  on  the  root  of  the  nose,  n  ; 
R  Z,  the  right  and  left  eyes.  On  the 
plane  of  the  picture  p  p,  a  and  a' 
represent  identical  points  in  the  fore¬ 
ground,  viz.,  the  centers  of  the  small 
circles  in  the  diagram  Fig.  52 ;  and  b 
and  b'  identical  points  in  the  back¬ 
ground  (centers  of  the  larger  circles 
in  Fig.  52).  Now  when  the  eyes  are 
directed  toward  b  and  b\  the  two 
visual  lines  will  pass  through  these 
points,  and  the  images  e  two 

points  will  fall  on  corresponding 
points  of  the  retinae^N^t,  on  the  cen¬ 
tral  spots, and  wiU^Seunited  and  seen 
single.  But  Manifestly  at 

the  point  tit  optic  convergence  or 
point  of  sight  B.  Now  wli e&b  and  br  fall  on  corre¬ 
sponding  points  and  are  daprf  single,  evidently  a  and  a' 
must  fall  on  non-cc  iding  points,  viz.,  the  two 
temporal  portionsj^jhe  retinae,  and  are  therefore  seen 
double  heteronyiHoisly.  When,  on  the  other  hand,  by 
greater  convC^pnce  the  optic  axes  are  turned  on  a  and 
a\  then  th^jinages  of  these  fall  on  the  central  spots, 
and  amMi  single  at  the  nearer  point  of  sight  A  ;  but 
now  l  and  V  are  seen  double  homonymously,  because 
th<0l&a  11  on  non-corresponding  points,  viz.,  the  two 
al  halves  of  the  retinae.  Intermediate  points  be- 
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tween  the  background  and  foreground  will  be  seen  at 
intermediate  points  between  B  and  A.  Thus  the  point 
of  sight  runs  back  and  forth  from  background  B  to 
foreground  A ,  and  we  acquire  a  distinct  perception  of 
depth  of  space  between  these  two  points. 

(b)  Combination  on  this  side  the  picturp  But,  for 
those  at  all  practiced  in  binocular  experiments,  by  far 
the  most  perfect  naked-eye  combination  is  obtained  by 
crossing  the  eyes,  i.  e.,  by  combining  on  the  nearer  in¬ 
stead  of  the  farther  side  of  the  pictures.  For  this  pur¬ 
pose,  however,  it  is  necessary  that  the  mounting  be 
reversed  ;  i.  e.,  the  right-hand  picture  must  be  put  on 
the  left  side,  and  the  left-hand  picture  on  the  right 
side  of  the  card.  By  this  reversal  it  is  evident  that 
identical  points  in  the  background  of  the  two  pictures 
are  nearer  together  than  identical  points  in  the  fore¬ 
ground. 

If,  now,  holding  such  a  card  before  us  ajjQ^y  con¬ 
venient  distance,  say  18  inches  or  2  feet,  rtpe*converge 
the  optic  axes  so  that  the  right  eye  skffrlook  across 
directly  toward  the  left  picture,  and  "eft  eye  toward 
the  right  picture,  then  the  two  pictures  will  unite  at  the 
point  of  crossing  of  the  optic  ^es^point  of  sight),  and 
will  be  seen  there  in  exquisit^j^iniature,  but  with  per¬ 
fect  perspective.  The  efe6£>is  really  marvelously  beau¬ 
tiful.  For  persons  of  steeply  presbyopic  eyes  there  will 
Jbe  no  difficulty  in  gpm*g  the  combined  image  perfectly 
clear.  In  normaTeyes,  as  already  explained  (page  135), 
there  must  be  Association  between  the  axial  and  focal 
adjustments  Q^Tore  the  combined  image  is  perfectly 
clear.  B^fhose  who  can  not  make  this  dissociation  it 
may  beS^ecessary  to  use  very  slightly  concave  glasses. 
AgaiM^if  the  observer  is  annoyed  by  the  existence  of 
monocular  uncombined  images  to  the  right  and 
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left,  it  will  be  best  to  use  two  side  screens,  as  already 
explained  (page  131),  instead  of  the  median  screen  used 
in  combining  beyond  the  plane  of  the  picture. 

Experiment . — I  draw  (Fig.  54)  two  projections  of  a 
skeleton  truncated  cone  precisely  like  those  represented 
on  page  148,  but  reversed.  It  is  seen,  for  example,  that 
the  centers  of  the  small  circles  are  in  this  case  farther 
apart  than  the  centers  of  the  large  circles.  If,  now, 
holding  these  about  18  inches  distant,  I  combine  them 
by  crossing  the  optic  axes,  the  impression  of  a  skeleton 
truncated  cone  with  the  smaller  end  toward  me  is  as 
complete  as  possible.  The  singleness  of  the  impression 
at  first  seems  perfect,  but  by  observing  attentively  the 
lines  a  and  a!  it  will  be  seen  that  they  unite  only  in 
points  and  not  throughout — that  they  come  together  as 
a  v,  thus — V,  or  an  inverted  v — or  an  x — y?  according 
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Fig.  55. 


carried  farther  away,  the  cone  shortens  or  lengthens 
proportionately. 

These  facts  are  illustrated  by  the  diagram  Fig.  55, 
in  which,  as  before,  R  and  L  are  the  two  eyes ;  n,  the 
root  of  nose ;  PP ,  the  plane 
of  the  pictures;  a  and  a', 
identical  points  of  the  fore¬ 
ground,  and  b  and  b'  of  the 
background ;  and  sc  and 
sc\  the  two  side-screens  to 
cut  otf  monocular  images. 

When  the  eyes  are  directed 
toward  a  and  these  unite 
and  are  seen  at  the  point  of 
sight  as  a  single  object  A , 
but  b  b'  are  double.  When 
the  eyes  by  less  convergence 
are  directed  to  b  and  b\ 
then  these  are  seen  single 
at  the  point  of  sight  B ,  but 
a  a!  are  double.  The  point 
of  sight  runs  back  and  forth 
from  A  to  B ,  and  we  thus 
of  depth  of  space  between. 

Of  course,  any  stereoscopic  pictures  may  be  com¬ 
bined  in  this  way  if  w^Sgrerse  the  mounting ;  and  I 
am  quite  sure  that  m^K>ne  who  will  try  it  will  be  de¬ 
lighted  with  the  &  tiful  miniature  effect  and  the  per¬ 
fection  of  the*  ^rspective. 

Combination  by  the  Use  of  the  Stereoscope. — The  stere¬ 
oscope  is^ffhistrument  for  facilitating  binocular  combi¬ 
nation  s^yond  the  plane  of  the  pictures.  By  means  of 
lei^esialso  it  supplements  the  lenses  of  the  eyes,  and 
jiMnakes  on  the  retinae  perfect  images  of  a  near  ob- 


istinct  perception 
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ject,  although  the  eyes  are  looking  at  a  distant  object, 
and  are  therefore  unadjusted  for  a  near  one.  The 
lenses  also  enlarge  the  images,  acting  like  a  perspective 
glass,  and  thus  complete  the  illusion  of  a  natural  scene 
or  object. 

It  is  difficult  to  convince  many  persons  that  there 
is  in  the  stereoscope  any  doubling  of  points  in  the  fore¬ 
ground  when  the  background  is  regarded,  and  vice  versa. 
But  such  is  really  always  the  fact ;  and  if  we  do  not 
observe  it,  it  is  because  we  have  not  carefully  analyzed 
our  visual  impressions.  It  is  best  observed  in  skeleton 
diagrams  of  geometrical  figures,  such  as  are  commonly 
used  to  explain  the  principles  of  stereoscopy.  In  or¬ 
dinary  stereoscopic  pictures  it  is  also  easily  observed  in 
those  cases  where  points  in  the  extreme  foreground  and 
background  are  in  the  same  range  ;  as,  for  example, 
when  a  column  far  in  front  is  projected  against  a  build¬ 
ing.  In  such  a  case,  when  we  look  at  the  Wunjing  the 
column  is  distinctly  double,  and  vice  vevQp  For  my¬ 
self,  I  never  look  at  a  stereoscopic  carf^  whether  in  a 
stereoscope  or  by  naked-eye  comlu^tibn,  without  dis¬ 
tinctly  observing  this  doubling/SWr  example :  I  now 
combine  in  a  stereoscope  the^t^eoscopic  pictures  of  a 
skeleton  polyhedron.  The  ilQkion  of  a  polyhedral  space 
inclosed  by  white  lines  k^ferfect.  Now,  when  I  look 
at  the  farther  incl<kj(pff“3ines  I  see  the  nearer  ones 
double,  and  vice  vw&fr.  Moreover,  I  perceive  that  this 
doubling  is  abi^lijtely  necessary  to  the  stereoscopic 
effect,  for  it*i$0xactly  like  what  would  take  place  if  I 
were  lookii(^kt  an  actual  skeleton  polyhedron. 

Inverse  Perspective. — Pseudoscopy. — I  have  heard  a 
few  persons  declare  that  they  saw  no  superiority  of  a 
s^p^scope  over  an  ordinary  enlarging  or  perspective 

ss;  that  they  saw  just  as  well  while  looking  through 
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the  stereoscope  if  they  shut  one  eye  as  with  both  eyes 
open.  Such  persons  evidently  do  not  combine  prop- 


lyjhk  two  pictures,  and  they  lose  a  real  enjoymenl 
laMhe  binocular  is  a  real  perspective,  entirely  diffei 
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ent  from  other  kinds,  may  be  clearly  demonstrated  by 
the  phenomena  of  inverse  perspective  now  about  to  he 
described. 

If  stereoscopic  diagrams  suitably  mounted  for  view¬ 
ing  in  a  stereoscope  be  combined  with  the  naked  eye 
by  squinting  (crossing  the  optic  axes),  as  in  Fig.  55 
(page  153),  or  if  such  diagrams  properly  mounted  for 
combination  by  squinting  be  viewed  in  the  stereoscope, 
the  perspective  is  completely  reversed,  the  background 
becoming  the  foreground,  and  vice  versa.  For  example, 
Fig.  56  represents  a  stereoscopic  card.  When  the  two 
pictures  are  combined  with  a  stereoscope,  the  result  is 
a  jelly-mold  with  the  small  end  toward  the  observer ; 
but  if  the  same  be  combined  with  the  naked  eye  by 
squinting,  we  have  now  beautifully  shown  the  same 
jelly-mold  reversed,  and  we  are  looking  into  the  hol¬ 
low.  If  there  should  be  other  forms  of  perspective 
strongly  marked  in  the  pictures,  these  mav^ven  be 
overborne  by  the  inverse  binocular  persn^giws.  For 
example,  in  the  stereoscopic  picture  Fig^#,  represent¬ 
ing  the  interior  of  a  bridgeway,  the  dgWnishing  size  of 
the  arches  and  the  converging  lira^even  without  the 
stereoscope,  at  once  by  mathen(at)cal  perspective  sug¬ 
gest  the  interior  of  a  long  a&Jiway.  This  impression 
is  greatly  strengthened  by^iewing  it  in  the  stereoscope ; 
for  the  binocular  perspe^t&e  and  the  mathematical  per¬ 
spective  strengthen  other,  and  the  illusion  is  com¬ 
plete.  But  if  vre  Combine  these  with  the  naked  eyes 
by  squinting,  AvMsee  with  perfect  distinctness,  not  a 
long  hollow^§2hway,  the  small  arch  representing  the 
farther^K^o ut  a  short  conical  solid,  with  the  small  end 
towa7%S$te  observer.  Thus  the  binocular  perspective 
entiAly  overbears  the  mathematical. 

\e  cause  of  this  reversal  of  the  natural  perspective 
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is  shown  in  the  following -diagrams.  In  Fig.  58  the 
mounting  is  reversed,  as  seen  by  the  fact  that  the  points 


o: 


b  and  background  are  nearer  together  than  the 

po^nts-a  and  af  in  the  foreground.  By  combining  these 
iika' Stereoscope,  the  background  is  seen  nearer  the  ob- 
12 
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server  at  B ,  and  the  foreground  thrown  farther  hack 
to  A.  In  Fig.  59  the  pictures  are  mounted  suitably 
for  viewing  in  the  stereoscope,  but  are  combined  by 
the  naked  eye.  Here  also  the  perspective  is  reversed, 


Fig.  58. 


Fig.  59. 


for  the  background  is  se*^&at  a  nearer  point  B ,  and  the 
foreground  at  a  farl  bint  A. 

This  inverse  ]w&£>ective  is  easily  brought  out,  not 
only  in  stereoscope  diagrams,  but  in  nearly  all  stereo¬ 
scopic  pictur^  even  in  those  representing  extensive  and 
complex  ^^s.  In  these,  of  course,  when  viewed  in 
the  ster&^ope,  the  binocular  is  in  harmony  with  other 
fori  perspective,  and  each  enhances  the  effect  of 
th’^^ther.  But  if  we  combine  with  the  naked  eyes  by 
^(printing,  or  if  we  reverse  the  mounting  and  view  again 
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Fig.  60. 


r 


A 


with  the  stereoscope,  there  is  in  either  case  a  complete 
discordance  between  the  binocular  and  other  forms  of 
perspective.  In  some  cases 
the  ordinary  perspective  is 
too  strong  for  the  binocular, 
and  the  only  result  is  a  kind 
of  confusion  of  the  view; 
but  in  others  the  binocular 
completely  overbears  all  op¬ 
position  and  reverses  the 
perspective,  often  producing 
the  strangest  effects.  For 
example,  I  now  take  up  a 
stereoscopic  card  representing  a  building  with  extensive 
grounds  in  front.  I  view  it  in  a  stereoscope.  The 
natural  perspective  comes  out  beautifully — the  fine 
building  in  the  background,  the  sloping  lawn  in  the 
middle,  and  a  piece  of  statuary  and  a  forn^MM  in  the 
foreground.  I  now  combine  the  same  w:  he  naked 

eyes  by  squinting.  As  soon  as  the  compilation  is  per¬ 
fect  and  the  vision  distinct,  the  ho  seen  in  front, 
and  through  a  space  in  the  wall  ftfrVsJatue  and  fountain 
are  seen  behind.  Observing  nS^r^closely,  all  the  parts 
of  the  house,  the  slope  of  tlieQbof,  and  the  slope  of  the 
lawn  are  also  reversed.  I^Fig.  60,  A  and  B  show  the 
natural  and  the  inverte0prspective  in  section,  and  the 
arrows  the  directiottvw  which  the  observer  is  looking. 
In  the  one  case  tijejfc’oof  and  the  lawn  slope  downward 
and  toward  th^Cjbserver  ;  in  the  other,  downward  and 
away  froim  t©  observer.  In  the  one  case  the  building 
is  a  soMSbbject ;  in  the  other  it  is  an  inverted  shell, 
and  W  looking  at  the  interior  of  the  shell. 

^^Viearly  all  stereoscope  views  I  can  thus  invert 
&  perspective  by  naked-eye  combination.  Almost 
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the  only  exceptions  are  views  looking  np  the  streets  of 
cities.  Here  the  mathematical  perspective  is  too  strong 
to  be  overborne.  Stereoscopic  pictures  of  the  full  moon 
are  quite  common.*  If  these  be  viewed  in  a  stereoscope, 
we  have  the  natural  perspective,  viz.,  the  appearance  of 
a  globe ;  if  combined  with  the  naked  eyes  by  squinting, 
we  have  a  hollow  hemisphere.  If  the  mounting  be 
reversed,  then  the  hollow  is  seen  in  the  stereoscope  and 
the  solid  globe  with  the  naked  eyes.  We  will  give  one 
more  example.  I  have  now  a  stereoscopic  view  of  the 
city  of  Paris,  but  not  looking  up  the  streets.  When 
viewed  in  the  stereoscope,  the  perspective  is  natural 
and  perfect ;  the  large  houses  are  in  the  foreground 
and  below,  and  the  others  gradually  smaller  and  higher, 
until  the  dimmest  and  smallest  are  on  the  uppermost 
part  and  form  the  distant  background.  I  am  looking 
on  the  upper  surface  of  a  receding  rising  plane  full  of 
houses.  I  now  combine  the  same  pictu^l^^ith  the 
naked  eyes  by  squinting.  As  soon  as®e  combined 
image  comes  out  clear,  1  see  the  smallest  and  dimmest 
houses  on  the  upper  part  of  the  s&qpfe,  but  nearest  to 
me.  I  am  looking  on  the  urtftbr\side  of  a  receding 
declining  plane,  on  which  ouses  grow  larger  and 

larger  in  the  distance,  untilQhey  become  largest  at  the 
lowest  and  farthest  marginibf  the  plane.  If  the  mount¬ 
ing  of  the  pictures  ^^/wersed,  then  the  natural  per¬ 
spective  will  be  soraKVith  the  naked  eyes,  and  the  in¬ 
verse  perspecti^^just  described  will  be  seen  in  the 
stereoscope, 

The  ex1©me  accuracy  of  our  judgment  of  relative 

*  TM^may  be  made  either  by  simultaneous  photographs  taken  at 
widelAdifferent  longitudes  the  earth’s  surface,  or  else  by  taking  two 
p^J^graphs  at  times  of  extreme  libration  of  the  moon  to  one  side  and 
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distance  by  binocular  perspective  is  well  shown  by  the 
combination,  either  by  the  naked  eyes  or  by  the  stereo¬ 
scope,  of  apparently  identical  figures  on  a  flat  plane  (as 
in  Fig.  48,  page  134).  For  example,  in  combining  with 
the  naked  eyes  the  figures  of  a  regularly  figured  wall¬ 
paper  or  tessellated  pavement,  the  least  want  of  perfect 
regularity  in  the  size  or  position  of  the  figures  is  at 
once  detected  by  an  appearance  of  gentle  undulations 
or  more  abrupt  changes  of  level.  This  fact  is  made 
use  of  in  detecting  counterfeit  notes.  If  two  notes 
from  the  same  plate  be  put  into  a  stereoscope  and  iden¬ 
tical  figures  combined,  the  combination  is  absolute  and 
the  plafne  of  the  combined  images  is  perfectly  flat ;  but 
if  the  notes  be  not  from  the  same  plate,  but  copied, 
slight  variations  are  unavoidable,  and  such  variations 
will  show  themselves  in  a  gently  wavy  surface. 

Monocular  Pseudoscopy . — There  is ,  indeed,  a  mo- 
~nocular  pseudoscopy  too ;  for,  as  will  btvsgresently 
shown,  there  are  other  modes  of  judgin^of  relative 
distance  (perspective)  besides  the  binoqjt^r.  Thus,  for 
example,  photographs  of  moon  crati^)  or  actual  wood 
carvings  and  moldings,  are  often  seen  in  reverse  of 
their  real  relief .  But  in  all^suen  cases  the  direction 
of  relief  is  uncertain  and  oft^reversible  at  will  by  the 
imagination,  like  the  fag^of  geometric  diagrams  of 
solids.  But  binocular ^Ks^idoscopy  is  not  thus  reversi¬ 
ble.  It  has  all  the  )er  certainty  ”  of  reality. 

Different  Forfisjljf  Perspective. — In  order  to  bring 
out  in  stronge^jenef  the  distinctive  character  of  binoc¬ 
ular  perspeefiye,  it  is  necessary  to  mention  briefly  the 
several^ftffie^ent  forms  of  perspective.  There  are  many 
ways  inv^hich  we  judge  of  the  relative  distance  of  ob- 
joafcMjjL  the  field  of  view,  all  of  which  may  be  called 
hiijKJes  of  perspective. 
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1.  Aerial  Perspective. — The  atmosphere  is  neither 
perfectly  transparent  nor  perfectly  colorless.  More  and 
more  distant  objects,  being  seen  through  greater  and 
greater  depths  of  this  medium,  become  therefore  dim¬ 
mer  and  dimmer  and  bluer  and  bluer.  We  judge  of 
distance  in  this  way ;  and  if  the  air  be  more,  than 
usually  clear  or  more  than  usually  obscure,  we  may 
misjudge. 

2.  Mathematical  Perspective.  —  Objects  become 
smaller  and  smaller  in  appearance,  and  nearer  and  near¬ 
er  together,  the  farther  away  they  are.  Thus  streets 
appear  narrower  and  narrower,  and  the  houses  lower  . 
and  lower,  with  distance.  Parallel  lines  of  all  kinds, 
such  as  railway  stringers,  bridge  timbers,  etc.,  converge 
more  and  more  to  a  vanishing  point. 

3.  Monocular  or  Focal  Perspective. — Objects  at  the 
distance  of  the  point  of  sight  are  distinct,  the  lenses 
being  focally  adjusted  for  that  distance ;  butr&il  objects 
beyond  or  within  this  distance  are  dim.  0*fcw,  we  are 
aware  of  a  greater  or  less  effort  of  adu(rathient  to  make 
a  distinct  image,  according  to  the  urayness  or  the  dis¬ 
tance  of  the  object  looked  at.  srK&i  is  also  a  means  of 
judging  of  the  distance  especi^lijy^of  near  objects. 

These  three  forms  may  a]©*  called  monocular  ;  for 
they  would  equally  exisjJgjQd  we  could  judge  of  dis¬ 
tance,  so  far  as  these  are  concerned,  equally  well, 

if  we  had  but  one  But  there  is  still  another,  viz. : 

4.  Binocmlaf Perspective. — In  order  to  combine  the 
images  of  ohig^s  near  at  hand,  we  converge  the  optic 
axes  stromdlv^  for  more  distant  objects,  less  and  less 
accordij^Qb  their  distance.  By  this  constant  change 
of  axi^aajustment  necessary  for  single  vision,  the  point 
of^j&c  convergence  is  run  rapidly  back  and  forth  ;  and 
ihus*,  by 


./$> 


0 


by  a  kind  of  rapid  and  almost  unconscious  trian- 
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gulation,  we  estimate  the  relative  distance  of  objects  in 
the  field  of  view.  The  man  with  only  one  eye  can  not 
judge  by  this  method,  and  thus  often  misjudges  the 
distance  of  near  objects.  In  rapidly  dipping  a  pen  into 
an  inkstand,  or  putting  a  stopper  into  a  decanter,  the 
one-eyed  man  can  not  judge  so  accurately  as  the  two- 
eyed  mam  If  we  shut  one  eye  and  attempt  to  plunge 
the  finger  rapidly  into  the  open  mouth  of  a  bottle,  we 
are  very  apt  to  overreach  or  fall  short. 

As  clearness  of  vision  is  confined  to  a  small  area 
about  the  point  of  sight,  and  rapidly  fades  away  with 
increasing  distance  in  any  direction  on  the  same  plane, 
so  clearness  and  singleness  of  vision  are  confined  to  the 
distance  of  the  point  of  sight,  and  images  become  dim 
and  double  in  passing  beyond  or  to  this  side  of  that 
point.  Again,  as  we  sweep  the  point  of  sight  about 
laterally  over  a  wide  field  of  view,  and  gather  up  all 
the  distinct  impressions  into  one  mental  im^g^  so  we 
run  the  point  of  optic  convergence  backend  forth, 
gauging  space,  and  gather  up  a  mentalfyheture  of  the 
relative  distance  of  objects,  in  a  dee/Xjfelia. 

These  different  forms  of  perspes&De  operate  for  very 
different  distances.  The  focal^najnstment  becomes  im¬ 
perceptible  for  distances  gr<@er  than  about  20  feet. 
Judgments  based  on  thiSjJ^erefore,  are  limited  within 
that  distance.  Binocmfey^erspective  operates  percep¬ 
tibly  for  much  great^Vustance,  perhaps  a  quarter  of  a 
mile  ;  but  beyoiufmns  it  becomes  imperceptible.  The 
other  two  fosijpk  tne  mathematical  and  aerial,  operate 
without  limiQ^xhus  at  near  distance  all  forms  of  per- 
spectivqvsq^erate.  But  as  we  go  farther  away  first 
focal  ix^fcpective  drops  out  at  about  20  feet ;  then 
bi^^ar  perspective  at  about  a  quarter  of  a  mile  ;  the 
dfeher  two  remaining  indefinitely. 
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Now  the  painter  can  imitate  the  aerial  perspective. 
He  skillfully  diminishes  the  brightness,  dulls  the  sharp¬ 
ness  of  outline,  and  blues  the  tinge  of  all  objects,  in 
proportion  to  their  supposed  distance,  so  as  to  produce 
the  effect  of  depth  of  air.  He  can  also  and  still  more 
perfectly  imitate  the  mathematical  perspective,  by  di¬ 
minishing  the  size  of  objects  and  the  distance  between 
them  as  he  passes  from  his  foreground  to  his  back¬ 
ground.  But  he  can  not  imitate  the  focal  perspective, 
and  still  less  can  he  imitate  the  binocular  perspective. 
This  is  artificially  given  only  in  the  stereoscope,  and  is 
the  glory  of  this  little  instrument.  Focal  perspective 
is  unimportant  to  the  painter,  because  imperceptible  at 
the  distance  at  which  pictures  are  usually  viewed  ;  but 
the  want  of  binocular  perspective  in  painting  interferes 
seriously  with  the  completeness  of  the  illusion.  There¬ 
fore  the  illusion  is  more  complete  and  the  perspective 
comes  out  more  distinctly  when  we  look  withwily  one 
eye.  In  a  natural  scene  it  is  exactly  the  gjuStosite  :  the 
perspective  is  far  more  perfect  with  eyes  open, 
because  then  all  the  forms  cooperatewO' 

— ^ 

o' 

Return  to  the  Compariiiffi  of  the  Eye  and  the  Camera. 

— It  is  time  now  to  re^^to,  and  to  continue,  our  com¬ 
parison  of  the  eye  ao^me  photographic  camera.  We 
have  seen  that  b^tlj^ie  camera  and  the  eye  are  equally 
optical  instrungpjits  contrived  for  the  purpose  of  making 
an  image ;  l^Sve  have  also  seen  that  in  both  this  image 
is  only  flN^bans  by  which  to  attain  a  higher  end,  viz., 
to  mal^  photographic  picture  in  the  one  case,  and  to 
aqosiMjplish  distinct  vision  in  the  other.  In  both  also, 
in  ffi'der  to  accomplish  its  higher  purpose,  there  must 
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be  a  sensitive  receiving  plate,  viz.,  the  iodized  silver 
plate  in  the  one,  and  the  living  retina  in  the  other.  In 
both,  finally,  there  are  wonderful  changes,  chemical  or 
molecular  or  both,  in  the  sensitive  plate.  Let  us  then 
continue  the  comparison. 

1.  In  the  photographic  camera  when  accomplishing 
its  work  there  are  three  images  which  may  be  mentally 
separated  and  described.  First,  the  light-image .  This 
is  what  we  see  on  the  ground -glass  plate.  It  comes  and 
goes  with  the  object  in  front.  It  is  the  facsimile  in 
form  and  color  of  the  object,  but  diminished  in  size 
and  inverted  in  position.  Second,  the  invisible  image . 
When  the  ground-glass  plate  is  withdrawn  and  the 
sensitive  plate  substituted,  the  light-image  falling  on 
this  plate  determines  in  it  wonderful  molecular  changes, 
which  are  graduated  in  intensity  exactly  according  to 
the  intensity  and  kind  of  light  in  the  light- image:  the 
aggregate  effect  is  therefore  rightly  calle^m^  image, 
though  it  is  invisible.  Third,  the  visibjiSimage,  or 
j picture .  The  operator  then  takes  tlu^ftate  with  the 
invisible  image  to  a  dark  room,  ai^l  ) applies  certain 
chemicals  which  develop  the  ip^S— i.  e.,  which  de¬ 
termine  certain  permanent  cligmw&l  changes,  which  in 
intensity  and  kind  are  exact(^:>roportioned  to  the  an¬ 
tecedent  molecular  cham^  and  therefore  graduated 
over  the  surface  exa^bMk  the  molecular  changes  of 
the  invisible  imaga^were  graduated,  and  hence  also 
exactly  as  the  ligliyof  the  light-image  was  graduated. 
This  is  the  p^ianent  photographic  picture — the  fac¬ 
simile  in  fo^jfN)f  the  object  which  produced  it. 

So  the  work  of  the  eye,  vision,  we  may  men¬ 

tally  separate  and  may  describe  three  corresponding 
inu^elj.  First,  there  is  the  light-image ,  which  is  formed 
in  me  dead  as  well  as  the  living  eye,  and  which  comes 


106 


BINOCULAR  VISION. 


and  goes  with  the  object.  Second,  the  invisible  image. 
The  light-image,  falling  on  the  sensitive  living  retina, 
determines  in  its  substance  molecular  changes  which 
are  graduated  in  intensity  and  kind  exactly  as  the  light 
of  the  light-image  is  graduated  in  intensity  and  color, 
and  may  therefore  be  rightly  called  an  image,  even 
though  it  he  invisible,  and  the  nature  of  the  molecular 
changes  be  inscrutable.  Third,  the  external  visible 
image.  The  invisible  image,  or  the  molecular  changes 
which  constitute  it,  is  transmitted  to  the  brain,  and  by 
the  brain  or  the  mind  is  projected  outward  into  space, 
and  hangs  there  as  a  visible  external  image,  the  sign 
and  facsimile  in  form  and  color  of  the  object  which 
produced  it. 

2.  Again,  there  are  certain  effects  which  can  not 
be  produced  by  one  camera  or  by  one  eye.  As  two 
cameras  from  two  positions  take  two  slightly  different 
pictures  of  the  same  object  or  the  same  sce*Je,  which 
when  combined  in  the  stereoscope  produp^tne  clear 
perception  of  depth  of  space — but  onl yQ&Zintom  space 
— even  so  the  two  eyes  act  as  a  douUQkmera  in  taking 
and  a  stereoscope  in  combinin^^p  slightly  different 
images  of  every  object  or  scen\jlo  as  to  give  a  clear 
perception  of  a  real  space. 

We  have  thus  carried  comparison  as  far  as  com¬ 
parison  is  possible.  EdQ^here  is  this  essential  differ¬ 
ence  between  the  tt*^^essential  because  found  every¬ 
where  between  lrfTra&m  and  natural  mechanism :  In  the 
one  case  we  trace  mechanism  and  physics  and  chemistry 
throughout.^oKL  the  other  we  also  trace  mechanism, 
exquisito^ffi«mianism,  but  only  to  a  certain  point,  be¬ 
yond  h  we  discover  something  higher  than  mere 
me^k^nism.  We  trace  physics  and  chemistry  to  a  cer- 
iin^oint,  b 


tab 


but  as  we  pursue  the  investigation  we  find 
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something  superphysical  and  superchemical,  or  else  a 
physics  and  a  chemistry  far  higher  than  any  we  yet 
know.  At  a  certain  point  molecular  and  chemical 
change  is  replaced  by  sensation ,  perception ,  judgment , 
thought ,  emotion .  We  pass  suddenly  into  another  and 
wholly  different  world,  where  reigns  an  entirely  differ¬ 
ent  order  of  phenomena.  The  connection  between 
these  two  orders  of  phenomena,  the  material  and  the 
mental,  although  it  is  right  here  in  the  phenomena  of 
the  senses,  and  although  we  bring  to  bear  upon  it  the 
microscopic  eye  of  science,  is  absolutely  incomprehen¬ 
sible,  and  must  in  the  very  nature  of  things  always 
remain  so.  Certain  vibrations  of  the  molecules  of  the 
brain,  certain  oxidations,  with  the  formation  of  carbonic 
acid,  water,  and  urea,  on  the  one  side,  and  there  appear 
on  the  other  sensations,  consciousness,  thoughts,  desires, 
volitions.  There  are,  as  it  were,  two  sheets  of  blotting 
paper  pasted  together ;  the  one  is  the  brain,  in©  other 
is  the  mind.  Certain  ink-scratches  and  inl^fotchings, 
utterly  meaningless ,  on  the  one,  soak  t^Higli  and  ap¬ 
pear  on  the  other  as  intelligible  vy^jng.  But  how 
or  why  we  know  not,  and  can  ne\^Nj)pe  even  to  guess. 
Certain  physical  phenomena — motecmar  vibrations,  de¬ 
compositions,  and  recompos0ctns — occur,  and  there 
emerge,  how  we  know  n^  psychical  phenomena — 
thoughts,  emotions,  etc^V^l addin’s  lamp  is  rubbed — 
physical  phenomenon^and  the  genie  appears — psychi¬ 
cal  phenomenon.  cr 
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THEORIES  OF  BINOCULAR  PERSPECTIVE. 

Wheatstone’s  Theory. — To  Wheatstone  is  due  the 
credit  of  having  discovered  the  fact  that  two  slightly 
dissimilar  pictures — dissimilar  in  the  same  way  as  the 
two  retinal  images  of  a  solid  object  or  of  a  scene — when 
united,  produce  a  visual  effect  similar  to  that  produced 
by  an  actual  solid  object  or  an  actual  scene.  He  also 
invented  the  stereoscope  to  facilitate  the  combination 
of  such  pictures.  His  theory  of-  these  effects  was  as 
follows  :  In  viewing  a  solid  object  or^Osrene,  two 
slightly  dissimilar  images  are  formed  JTNrCne  two  eyes, 
as  already  explained ;  but  the  mim^bmpletely  unites 
or  fuses  them  into  one.  Whej}Btfa^  there  occurs  such 
complete  mental  fusion  of  inxije&  really  dissimilar  in 
this  particular  way,  and  therefore  incapable  of  mathe¬ 
matical  coincidence,  the  result  is  a  perception  of  depth 
of  space,  or  solidity,  oiiQKef.  In  the  stereoscope,  there¬ 
fore,  he  supposes  th^pie  two  slightly  dissimilar  pictures 
are  mentally  fiysscQnto  one,  and  hence  the  appearance 
of  depth  of  spactr  follows  as  the  necessary  result  of  this 
mental  fusiljkH 

Thk^mSory  is  still  widely  held  by  physiologists; 
but  i^M^  evidently  the  result  of  imperfect  analysis  of 
visual  impressions.  In  stereoscopic  diagrams  it  is  al- 
yf&tys  possible  to  detect  the  doubling  on  which  the  per- 


THEORIES  OF  BINOCULAR  PERSPECTIVE. 


169 


ception  of  depth  of  space  is  based.  It  is  a  little  more 
difficult  in  ordinary  sterescopic  pictures,  and  in  natural 
scenes ;  but  practice  and  close  observation  will  always 
detect  it  in  these  also.  It  is  most  difficult  of  all  to 
detect  it  in  the  case  of  single  solid  objects  /  but  this  is 
mainly  because  the  doubling  of  the  edges  of  such  ob¬ 
jects  is  usually  out  of  the  line  of  sight.  Even  where 
we  can  not  detect  the  doubling,  and  yet  binocularly 
perceive  depth  of  space,  such  perception  must  be  re¬ 
garded  as  an  example  of  unconscious  cerebration.  We 
actually  ground  our  judgments  upon  impressions  which 
do  not  emerge  into  clear  consciousness. 

Observe  the  degrees  of  this  unconsciousness.  Even 
the  doubling  of  the  forefinger,  when  held  up  before  the 
eyes  while  we  gaze  at  the  wall,  is  undetected  by  some 
persons.  To  such  the  binocular  perspective  here  seems 
to  be  a  simple  primary  sense-perception.  But  the 
slightest  scientific  observation  is  sufficient  ta^parate 
this  apparently  simple  impression  into  its^wnponent 
elements,  and  thus  to  show  that  it  is  a  ju^ment  based 
on  simpler  elements.  Next,  the  douM^  of  objects  in 
the  foreground  of  a  scene  or  ster^sGoffic  picture,  when 
the  background  is  regarded,  fails  ^Appear  in  conscious¬ 
ness.  But  analysis  again  sjio^^that  the  perception  of 
depth  here  also  is  not  sir^gje,  but  decomposable  into 
simpler  elements.  Close^servation  again  detects  the 
elements  on  which  huugrnent  is  based.  Therefore, 
where  we  can  n/TE  Prefect  the  simpler  elements,  we 
must  believe  ^t^at  mey  still  exist  and  that  judgments 
are  based  upo^S  them.  Nothing  can  be  more  certain 
than  thafr<©tiplete  fusion  never  takes  place ;  and  if  it 
seems  us.  it  is  only  because  we  do  not  observe 

and^pblyze  with  sufficient  care. 

Wheatstone’s  theory  therefore  seems  true  only  to 
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the  unpracticed  and  unobservant.  It  makes  that  simple 
and  primary  which  is  capable  of  analysis  into  simpler 
elements.  It  is  therefore  a  popular,  not  a  scientific 
theory.  It  cuts,  but  does  not  loose,  the  Gordian  knot. 

Briicke’s  Theory. — Briickeand  Brewster  and  Prevost, 
by  more  refined  observation  and  more  careful  analysis, 
easily  perceived  that  there  was  in  reality  no  mental 
fusion  of  two  dissimilar  images.  Their  view,  most 
completely  expressed  by  Briicke,'*  is  that  which  has 
been  assumed  in  the  foregoing  account  and  explanation 
of  binocular  phenomena.  It  is,  that  in  regarding  a 
solid  object  or  a  natural  scene,  or  two  stereoscopic  pic¬ 
tures  in  a  stereoscope,  the  eyes  are  in  incessant  uncon¬ 
scious  motion,  and  the  observer,  by  alternately  greater 
and  less  convergence  of  the  axes,  combines  successively 
the  different  parts  of  the  two  pictures  as  seen  by  the 
two  eyes,  and  thus  by  running  the  point  of  sight  back 
and  forth  reaches  by  trial  a  distinct  perceu^ro^  of  bin¬ 
ocular  perspective  or  binocular  relief,  or  ^^tli  of  space 
between  foreground  and  background. 

That  double  images  are  really  n$ra*sary  to  binocular 
perspective,  as  maintained  byiHSfi^ke,  is  abundantly 
proved  by  the  experiments  already  given  on  that  sub¬ 
ject.  But  one  additional  eriment  may  be  given 
here  to  complete  the  prud^ 

Experiment. — As  ^Hyok  out  of  my  window,  I  see 
the  clothes-lines  ofi^ieigliboring  family,  about  40  feet 
distant.  Two  (^Tifrese  are  parallel,  but  one  about  5  or 
6  feet  beyon^the  other.  The  lines  being  horizontal , 
no  double  (images  are  visible  when  the  head  is  erect. 
In  thkN&sition  I  am  unable  to  tell  which  line  is  the 
farth(h^wf.  But  when  I  turn  the  head  to  one  side,  so 
thafSthe  interocular  line  is  at  right  angles  to  the  cords, 

*  “Archives  des  Sciences,”  tome  iii,  p.  142  (1858). 
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immediately  their  relative  distance  comes  out  with  great 
distinctness. 

This  theory  is  a  great  advance  on  the  preceding. 
It  is  really  a  scientific  theory,  since  it  is  based  on  an 
analysis  of  our  visual  judgments.  It  is  also  in  part  a 
true  theory,  and  for  this  reason,  in  anticipation  of  what 
we  believe  to  be  a  more  perfect  theory,  we  have  used 
it  in  the  explanation  of  many  visual  phenomena  in  the 
preceding  pages.  But  it  is  evidently  not  the  whole 
truth,  as  we  now  proceed  to  show. 

1.  If  we  place  one  object  before  another  in  the 

median  plane  of  sight,  even  wdien  we  look  steadily  and 
without  change  of  optic  convergence  at  the  one  or  the 
other,  we  distinctly  perceive  the  depth  of  space  between 
them.  Evidently  no  trial  combination,  no  running  of 
the  point  of  sight  back  and  forth,  and  successive  union 
and  disunion  of  the  images,  are  necessary  for  the  per¬ 
ception  of  binocular  relief.  But  if  it  be  said  tbek  change 
of  optic  convergence  does  indeed  take  place^SJty  rapidly 
and  unconsciously,  I  proceed  to  prove  rfjarsuch  is  not 
the  case.  „  .  .  _  .jp; 

2.  Dove  s  Experiment. — The^Kaantaneous  percep¬ 

tion  of  binocular  relief  is  demmipfeiJted  by  the  now  cele¬ 
brated  experiment  of  Dove.Qhf  a  natural  object,  or  a 
scene,  or  two  etereoscopicj^ictures,  be  viewed  by  the 
light  of  an  electric  spa©)  or  a  succession  of  electric 
sparks,  the  perspecf^T  is  perfect,  even  though  the 
duration  of  such-  a Jspark  is  only  of  a  second  of 

time.  On  a  (l^jknight  the  relative  distance  of  objects 
is  perfectly  ^Vceived  by  the  light  of  a  flash  of  light¬ 
ning,  wlA^according  to  Arago  lasts  only  and 

accordh^to  Rood  of  a  second.  It  is  inconceiva 


yf^Rood,  “  j. 


(Euvres  Completes,”  tome  iv,  p.  70. 

American  Journal  of  Science  and  Arts,”  vol.  i,  1870,  p.  15, 


172 


BINOCULAR  VISION. 


ble  that  there  should  be  any  change  of  optic  conver¬ 
gence,  any  running  of  the  point  of  sight  back  and  forth, 
in  the  space  of  Pai’t  a  second.  Evidently, 

therefore,  binocular  perspective  may  be  perceived  with¬ 
out  such  change  of  convergence.  This  point  is  certainly 
one  of  capital  importance.  The  instantaneous  percep¬ 
tion  of  relief  is  fatal  to  Briicke’s  theory  in  its  pure  un¬ 
modified  form.  I  have  therefore  repeated  Dove’s  ex¬ 
periment  with  care,  varying  it  in  every  possibly  way, 
so  as  to  guard  against  every  source  of  error.  These 
experiments  completely  confirm  Dove’s  result,  and  es¬ 
tablish  beyond  doubt  the  instantaneous  perception  of 
binocular  relief.  From  a  large  number  of  experiments 
I  select  a  few  of  the  most  conclusive  and  most  easily 
repeated.  The  spark  apparatus  used  was  a  Ritchie’s 
RuhmkorfE  capable  of  producing  sparks  12  inches  long. 
A  Leyden  jar  was  introduced  into  the  circuit  to  increase 
the  brilliancy  of  the  sparks. 

Experiment  1. — I  select  stereoscopigvpictures  in 
which  other  forms  of  perspective  are  waning,  or  near¬ 
ly  so ;  skeleton  geometric  diagrams  ie  best.  Stand¬ 
ing  in  a  perfectly  dark  room,  ao^ffYiewing  these  in  a 
stereoscope  by  the  light  of  a  succession  of  sparks,  the 
perspective  is  perfectly  distjjrfp  with  two  eyes,  but  not 
at  all  with  one  eye.  Q 

Experiment  <2. — I^figjpt  a  stereoscopic  card  like  the 
last,  except  that  maJ&Cmatical  perspective  is  also  strong 
— such,  for  exan/pln-ns  a  view  of  the  interior  of  a  bridge¬ 
way.  Of  couraeyas  in  the  last  case,  the  natural  perspec¬ 
tive  is  instantly  perceived  in  the  stereoscope  ;  but  this 
might  J^Taftributed  to  the  mathematical  perspective. 
But  il^Hiold  the  card  in  the  hand  and  unite  the  pictures 
wM^khe  naked  eyes  by  squinting,  using  again  the  spark  - 
ligift :  the  inverse  perspective  described  on  page  157 
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will  be  brought  out  with  perfect  clearness  with  two  eyes, 
but  the  natural  perspective  (mathematical)  returns  when 
we  shut  one  eye.  This  experiment  is  conclusive,  being 
removed  from  even  the  suspicion  of  the  effect  being  the 
result  of  other  forms  of  perspective ;  for  in  this  case 
the  binocular  is  opposed  to  all  other  forms  of  perspec¬ 
tive,  overbears  them,  and  reverses  the  perspective. 

So  much  for  combination  of  stereoscopic  pictures, 
whether  beyond  the  plane  of  the  card,  as  in  the  stereo¬ 
scope,  or  on  this  side  the  plane  of  the  card,  as  in  naked- 
eye  combination  by  squinting.  We  will  next  try  the 
viewing  of  natural  objects,  eliminating  as  before  as 
much  as  possible  other  forms  of  perspective. 

Experiment  3. — Let  two  objects,  as  two  brass  balls, 
of  the  same  size,  be  hung  by  invisible  threads,  one  about 
5  or  6  feet  distant,  and  the  other  about  1  foot  farther. 
At  this  distance  focal  adjustment  is  practically  the  same 
for  the  two  balls,  and  thus  this  mode  of  jucjgjta^  of  rel¬ 
ative  distance  is  eliminated.  Let  the  balls /beqflaced  in 
the  median  plane  of  sight,  or  nearly  s^^i  such  wise 
that  their  relative  distance  may  be  ea^C^  detected  with 
two  eyes,  but  not  with  one.  IiWjO latter  case — i.  e., 
with  one  eye — they  look  like  tjvcVkalTs  side  by  side,  the 
one  a  trifle  larger  than  the  oi(RyK  Now,  after  darken¬ 
ing  the  room,  try  the  expedient  by  the  instantaneous 
flash  of  electric  spark^NJfc  will  be  found  that  under 
these  conditions  alsaS^e  relative  distance  is  perceived 
with  perfect  cleanups  with  two  eyes,  but  not  with  one. 

It  is  certajq^iien,  that  binocular  perspective  is  per¬ 
ceived  instaim^,  and  therefore  without  the  trial  com- 
binafion^of  different  parts  of  the  two  images,  as  main¬ 
tained  b^vfiriicke,  Brewster,  and  others. 

NBAween  the  two  rival  theories,  therefore,  the  case 
sianSs  thus  :  Wheatstone  is  right  in  so  far  as  he  asserts 
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immediate  or  instantaneous  perception  of  relief,  but 
wrong  in  supposing  that  there  is  a  complete  mental  fu¬ 
sion  of  the  two  images.  Briicke  is  right  in  asserting 
that  binocular  perspective  is  a  judgment  based  on  the 
perception  of  double  images,  but  wrong  in  supposing 
change  of  optic  convergence  and  successive  trial  com¬ 
binations  of  different  parts  of  the  two  images  to  be  a 
necessary  part  of  the  evidence  on  which  judgment  is 


based. 

My  own  View  is  an  attempt  to  bring  together  and 
reconcile  what  is  true  in  both  of  the  preceding  views. 
This,  which  I  conceive  to  be  the  only  true  and  complete 
theory,  is  hinted  at,  but  not  distinctly  formulated,  by 
Helmholtz.*  I  have  strongly  insisted  upon  it  in  all 
my  papers  on  this  subject.  I  quote  from  one  of  them  :  f 
“  All  objects  or  points  of  objects,  either  beyond  or 
nearer  than  the  point  of  sight,  are  doubled,  but  differ- 
ently — the  former  homonymously,  the  lattt^et-erony- 
mously.  The  double  images  in  the  Jx^p&r  case  are 
united  by  less  convergence,  in  the  lattCrv^ase  by  greater 
convergence,  of  the  optic  axes. Vj^w,  the  observer 
knows  instinctively  and  wit1urf$St£ial,  in  any  case  of 
double  images,  whether  thej^wm  be  united  by  greater 
or  less  optic  convergence,  therefore  never  makes  a 
mistake,  or  attempts  tojmte  by  making  a  wrong  move¬ 
ment  of  the  optic  a^qj^cln  other  words,  the  eye  (or  the 
mind)  insiin ctivefr&distinguishes  homonymous  from 
heteronymous  {fudges,  referring  the  former  to  objects 
beyond ,  andffhp  latter  to  objects  this  side  of )  the  point 
of  sight.’LCjtr  again :  In  case  of  double  images,  “  each 
eye,  a^K^were,  knows  its  own  image,”  although  such 
knowreage  does  not  emerge  into  distinct  consciousness. 

Optique  rhysiolodque,”  p.  939  ct  scq. 

Vy  -j*  “American  Journal  of  Science  and  Arts,”  vol.  ii,  1871,  p.  425. 


THEORIES  OF  BINOCULAR  PERSPECTIVE.  175 


Tims,  then,  I  conclude  that  the  mind  perceives  re¬ 
lief  instantly ,  but  not  immediately *  for  it  does  so  by 
means  of  double  images ,  as  just  explained.  This  is  all 
that  is  absolutely  necessary  for  the  perception  of  relief; 
but  it  is  probable — nay,  it  is  certain — that  the  relief  is 
made  clearer  by  a  ranging  of  the  point  of  sight  back 
and  forth,  and  a  successive  combination  of  the  different 
parts  of  the  object  or  scene  or  pictures,  as  maintained 
by  Briicke. 


CHAPTER  Y. 


JUDGMENT  OF  DISTANCE  AND  SIZE. 
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We  are  now  prepared  to  understand  the  modes  of 
estimating  distance  and  size ;  for  these  modes  are 
founded  partly  on  monocular  and  partly  on  binocular 
vision. 

The  eye  perceives  immediately  direction  up  and 
down,  and  right  and  left ;  and  therefore  also  outline- 
form  and  surface-contents — for  these  are  bul  a  com¬ 
bination  of  directions.  Thus,  two  dimensm^of  space 
or  angular  diameter  in  all  directions  are@i*bctly  given 
in  sense.  But  this  does  not  give  ^&£Vinless  distance 
in  the  line  of  sight,  or  depth  of  or  third  dimen¬ 

sion  is  also  known.  Now,  this/^Wd  dimension  is  not 
given  by  sense,  but  is  a  judjfoaelft.  As  already  stated, 
the  direct  and  simple  sensOmpressions  given  by  the 
optic  nerve  are  liglxt—ifointensity,  its  color ,  and  its 
direction.  These  csngpPbe  analyzed  into  any  simpler 
elements.  But  siqQplistance,  and  solid  form  are  judg¬ 
ments  based  onQjJ&se  direct  gifts.  Moreover,  apparent 
size  and  esthS^ted  distance  are  strictly  correlated  with 
one  anot]  In  such  wise  that  a  mistake  in  one  neces¬ 
sarily  ^^Tves  a  corresponding  mistake  in  the  other. 

Distance. — We  judge  of  distance  by  means  of  the 
^rffe^ent  forms  of  perspective  already  described  on 
^>age  161 :  1.  By  focal  adjustment ,  or  monocular  per- 
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spective.  The  eye  adjusts  itself  for  distinct  vision  for 
all  distances  from  infinite  distance  to  five  inches.  By 
experience  we  know  distance  from  the  amount  of  effort 
necessary  to  adjust  for  perfect  image,  and  therefore 
distinct  vision.  Judgments  based  on  this  are  tolerably 
accurate  from  5  inches  to  several  yards.  Beyond  20 
feet  it  is  too  small  to  be  appreciable.  2.  By  axial 
adjustment ,  or  binocular  perspective.  The  greater  or 
less  amount  of  optic  convergence  necessary  to  produce 
single  vision  is  a  far  more  accurate  mode  of  judging  of 
distance  than  the  last.  It  is  reliable  from  near  the  root 
of  the  nose  to  the  distance  of  about  a  quarter  of  a  mile. 
Beyond  this  it  also  becomes  inappreciable,  for  the 
doubling  of  objects  is  only  equal  to  the  interocular  dis¬ 
tance.  3.  By  mathematical  perspective.  By  diminu¬ 
tion  of  the  apparent  size  of  known  objects  and  the 
convergence  of  parallel  lines  we  judge  of  distance  with 
great  accuracy  and  almost  without  limit.  4,v^Bv  aerial 
perspective.  Change  of  color  and  brighttfjs^s  of  all  ob¬ 
jects,  in  proportion  to  the  depth  of  air^Cbked  through, 
is  still  another  mode  of  judging  ^Odistance,  which, 
though  far  less  accurate  than  th^^st,  like  it  extends 
without  limit.  Estimates  of  (|isWice,  being  judgments, 
are  liable  to  error.  Such  er^gj^  are  often  called  decep¬ 
tions  of  sense,  but  they  a^0not  so.  They  are  errors  of 
judgment  based  upon  deliverances  of  sense. 

Size. — The  size^pm  unknown  object  is  judged  by 
its  angular  dian^etp,  or  the  size  of  its  retinal  image 
multiplied  by  ^  estimated  distance.*  For  example,  an 
image  a ,  Fig^fil,  occupies  a  certain  space  on  the  retina. 

*  Hence  ^Magnification — which  is  only  increase  of  retinal  image — is 
equivalence  nearness  of  view.  It  is  perfectly  right  to  say  of  a  telescope 
eitheiv^hat  it  increases  the  diameter  of  the  moon  five  thousand  times,  or 
Jha4^)  Wrings  the  moon  within  the  distance  of  fifty  miles.  A  myopic  eye, 
irefore,  magnifies  every  object. 
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Now,  evidently,  precisely  the  same  image  would  be 
made  by  a  small  object  at  A,  or  a  proportionally  larger 
similar  object  at  A\  or  a  still  larger  similar  one  at  A". 
Therefore  the  estimated  size  of  the  object  which  pro¬ 
duced  the  image  will  depend  wholly  upon  the  distance 
we  imagine  the  object  to  be  from  us,  this  distance  being 
of  course  estimated  by  the  different  forms  of  perspective 
given  above.  Thus,  estimates  of  size  and  distance  are 
very  closely  related  to  each  other,  and  an  error  in  the 
one  will  involve  an  error  in  the  other.  If  we  misjudge 


Fig.  61. 
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the  distance  of  an  unknown  object,  we  will  to  the  same 
degree  and  in  the  same  direction  mis$Mge  its  size :  if 
our  estimate  of  distance  be  too  gi;eft^  bur  judgment  of 
size  will  also  and  to  the  same^emMit  be  too  great;  if 
our  estimate  of  distance  be  txk)  small,  so  also  will  be  our 
judgment  of  size.  Contrarily^  if  we  make  a  mistake  as 
to  the  size  of  a  knowiv^Ject — as,  for  example,  if  we 
mistake  a  boy  for  will  also  to  the  same  ex¬ 

tent  misjudge  tJieQ^stance.-  There  is  a  moral  as  well 
as  a  physical  perspective.  A  dollar  may  be  held  so  near 
the  eye  or  near  the  affections  as  to  cover  and  con¬ 
ceal  the  na^Dof  the  world.  But  in  either  case  we  must 
have^^^e  single  to  the  dollar.  The  mind’s  eye,  too, 
must  ote  binocular  or  we  get  no  true  moral  perspective, 
ry  many  illustrations  may  be  given  of  this  gen¬ 
eral  principle,  but  by  far  the  most  perfect  are  the  ex- 


JUDGMENT  OF  DISTANCE  AND  SIZE. 


179 


periments  on  combination  of  tbe  regular  figures  given 
on  pages  133  and  134  In  combining  by  squinting,  in 
proportion  as  the  point  of  optic  convergence,  and  there¬ 
fore  the  imagined  place  of  the  pattern,  becomes  nearer 
and  nearer,  the  figures  of  the  pattern  become  smaller. 
On  the  other  hand,  when  we  combine  beyond  the  plane 
of  the  pattern,  so  that  the  more  distant  point  of  optic 
convergence  makes  the  imagined  place  of  the  pattern 
farther  off  than  its  real  place,  then  the  figures  are  mag¬ 
nified  in  the  same  proportion.  So  also  stereoscopic 
scenes  are  larger  or  smaller  than  the  actual  picture, 
according  as  we  combine  beyond  or  on  this  side  the 
plane  of  the  picture. 

Illustrations  like  the  above  are  most  conclusive, 
because  the  relation  of  size  and  distance  is  seen  to  be 
mathematically  proportioned :  but  many  familiar  illus¬ 
trations  may  be  given. 

1.  While  intently  regarding  the  paper  on^vhich  I 
am  writing,  or  the  page  which  I  am  reomng,  a  fly  or 
gnat  passes  across  the  extreme  margiqrQr  the  field  of 
view  toward  the  open  window.  I  ui$ypSke  it  for  a  large 
bird  like  a  hawk  flying  at  soni^^tance  in  the  open 
air.  The  reason  is,  that  unde^r  these  conditions  we  have 
no  means  of  judging  either  ((P)form  or  of  distance ;  the 
size  and  distance  of  an  ob^3t  are  therefore  left  wholly 
to  the  suggestions  ofi^Eg)  imagination.  If  we  look 
around  so  as  to  se^Vme  form  distinctly,  and  to  bring 
binocular  or  otli^r  irorms  of  perspective  to  bear  on  the 
subject,  we  ^qg^ckTy  detect  our  error  and  correct  our 
judgment,  ► 

2.  WJu^e  there  are  no  means  of  judging  of  distance, 
we  cji^vlot  estimate  size,  and  different  persons  will 
estmmte  differently.  Thus,  the  sun  or  moon  seems  to 
portae  persons  the  size  of  a  saucer,  to  some  that  of  a 
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dinner-plate,  and  to  some  that  of  the  head  of  a  barrel. 
But  under  peculiar  conditions  we  imagine  them  much 
larger.  For  example,  a  pine-tree  stands  on  the  western 
horizon  about  a  mile  distant.  I  am  accustomed  to  judge 
of  the  size  and  distance  of  trees.  This  one  seems  to  me 
at  least  20  feet  across  the  branches.  The  evening  sun 
slowly  descends  and  sets  behind  the  tree.  It  fills  and 
much  more  than  fills  its  branches.  Does  not  the  sun 
now  seem  20  feet  across  ?  Again,  here  in  Berkeley,  on 
a  clear  day,  the  Farallone  Islands,  40  miles  distant,  arc 
distinctly  seen  through  the  Golden  Gate.  I  think  no 
one  would  say  that  the  larger  one  seems  less  than 
100  feet  across.  At  certain  seasons  in  spring  and 
autumn  the  sun  sets  behind  the  Farallones,  and  these 
islands  are  projected  in  clear  outline  as  black  spots  on 
his  disk. 

Again  :  if  we  gaze  steadily  at  the  setting  sun  until 
its  image  is  well  branded  on  the  retina  anc^then  look 
down  on  a  sheet  of  paper  24  feet  away,  tli^^rectral  im¬ 
age  (the  external  projection  of  the  brarfH^is  a  circle  of 
about  J  inch  in  diameter  ;  looking  tie  wall  20  feet 
away,  it  is  2  inches  in  diameter  >dMkmg  at  a  building 
100  feet  away,  it  is  10  inchei^irMliameter.  Wow,  this 
is  about  the  size  that  the  sunQ^moon  in  mid-sky  seems 
to  me.  It  would  seem,  t  m,  that  we  usually  project  the 
retinal  image  of  the  sua>^  moon  only  about  100  feet. 

3.  Illustrations  us  on  every  side.  In  fog,  ob¬ 
jects  look  large^lpcause,  through  excess  of  aerial  per¬ 
spective,  we  overestimate  distance.  On  the  high  Sierra, 
or  the  Colorado  mountains,  or  anywhere  on  the  high 
interioi^g©fceau,  the  clearness  of  the  air  and  consequent 
distinb^bss  of  distant  objects  are  such,  that  we  imagine 
obj^ts  to  be  nearer  and  therefore  smaller  than  they 
s^eaHy  are. 
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Form. — Outline  form  is  a  combination  of  directions 
of  the  component  radiants.  In  a  ring  of  stars,  the  direc¬ 
tion  of  each  star  is  given  immediately ;  the  combination 
of  these  several  directions  gives  the  ring.  This  is  so  sim¬ 
ple  and  immediate  a  judgment,  that  it  may  almost  be 
called  a  direct  sense-perception.  It  is  apparently  a  di¬ 
rect  perception  of  the  form  of  the  retinal  image.  It  is 
so  sure  and  immediate  that  it  is  not  liable  to  error ;  yet 
it  is  capable  of  analysis  into  simpler  elements,  as  shown 
above. 

Solid  form  is  a  far  more  complex  judgment,  and 
therefore  liable  to  error.  We  judge  of  solid  form 
partly  by  binocular  perspective  and  partly  by  shades 
of  light.  The  roundness  of  a  column  is  perceived  part¬ 
ly  by  the  greater  optic  convergence  necessary  to  see  dis¬ 
tinctly  the  nearer  central  parts  than  the  farther  marginal 
parts,  and  partly  by  the  shading  of  light  on  the  different 
parts.  The  latter  effect  can  be  perfectly  ^mffi^ted  by 
the  painter,  but  not  the  former.  Hence  illusion 
produced  by  the  painter  is  most  perfe^Q^t  a  distance 
where  binocular  perspective  is  ver^Qiall,  but  is  de¬ 
stroyed  by  near  approach.  Henr^Qlso  the  roundness 
of  a  painted  column  is  most  pjuT^x  when  looking  with 
one  eye,  but  of  a  natural  c^^nn  when  looking  with 
two  eyes. 

Gradation  of  Judgmorai ^-Intensity  and  color  are  sim¬ 
ple  impressions  whicK^an  not  be  further  analyzed.  Di¬ 
rection  is  alreadjQpcerent  and  higher,  since  it  is  con¬ 
ditioned  on  §mce -perception,  which  is  not  a  sensation. 
Still  it  also^^simple  and  incapable  of  analysis.  Next 
come  ouftmb  form  and  surface  contents ,  which  may  in¬ 
deed  l3fc^malyzed  into  combination  of  directions,  but  yet 
tlm^Ju-ception  is  so  direct  and  so  certain  that  it  may 
VefP  be  called  immediate.  Next  comes  solid  form , 
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which,  as  we  have  seen,  is  a  more  complex  judgment 
based  on  simple  elements,  and  therefore  may  be  de¬ 
ceived.  Next  come  the  closely  related  and  still  more 
complex  judgments  of  size  and  distance ,  which  are 
therefore  still  more  liable  to  error.  These  latter  judg¬ 
ments  become  more  and  more  complex  as  the  objects 
in  the  field  of  view  become  more  numerous  and  more 
complex  in  form  and  varied  in  position ;  as,  for  ex¬ 
ample,  the  judgments  of  form,  size,  and  distance  of  all 
the  objects  in  an  extended  natural  scene.  All  these 
seem  to  the  uninstructed  as  immediate  instinctive  per¬ 
ceptions,  and  mistakes  are  supposed  to  be  the  result  of 
deceptions  of  sense  instead  of  errors  of  judgment,  as 
they  really  are.  Judgments  like  these,  which  are  so 
quickly  made  that  the  process  has  largely  dropped  out 
of  consciousness,  I  shall  call  visual  judgments .  But 
these  higher  and  more  complex  visual  judgments  pass, 
by  almost  insensible  degrees,  into  still  higher^ad  more 
complex  intellectual  judgments .  Thus  ipmi  *  simple 
sense-impressions  we  pass  without  brea^vtnrough  the 
various  grades  of  visual  judgments  toQ^e  lower  intel¬ 
lectual  judgments,  and  from  the^Q^SgSin  through  vari¬ 
ous  grades  of  complexity  to  th4j/ighest  efforts  of  the 
cultured  mind. 

Now,  as  visual  judgme^p  seem  to  the  uninstructed 
primary,  immediate,  an^C^imple  perceptions,  so  also 
among  intellectual  jiftopients  many  seem  to  those  un in¬ 
structed  in  psych/Tlcigy  and  unskilled  in  mental  analysis 
as  primary,  immecHate,  instinctive,  or  innate,  and  there¬ 
fore  certain. /-5©ut,  as  the  study  of  visual  phenomena 
teaches  fh^vEnese  visual  judgments  are  capable  of  an¬ 
alysis  simpler  elements,  and  therefore  liable  to 

error^so  also  the  study  of  psychology  should  teach  us 
thatvmany  of  the  so-called  instinctive  judgments,  pri- 
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mary  intuitions,  etc.,  may  also  be  capable  of  analysis, 
and  therefore  liable  to  error.  Further,  it  is  evident 
that  the  so-called  facts  of  consciousness,  in  the  one  field 
as  in  the  other,  can  not  be  considered  reliable  until  sub¬ 
jected  to  rigid  analysis.  The  study  of  visual  (especially 
binocular  visual)  phenomena  is  peculiarly  valuable  :  first, 
in  teaching  us  that  so-called  immediate  intuitions  are  in 
many  cases  only  judgments,  the  processes  of  which  have 
dropped  out  of  consciousness ;  and,  second,  in  teaching 
us  the  habit  of  analysis  of  such  apparently  simple  in¬ 
tuitions. 


RETROSPECT. 


We  have  now  given  in  clear  outline  the  most  im- . 
portant  phenomena  of  vision  and  their  explanation.  It 
will  not  be  amiss,  before  proceeding  furtheqrao  look 
back  over  what  we  have  passed,  and  justj^Hts  logical 
order.  . ^  . 

There  are  three  essentially  diffe^it;  modes  of  re¬ 
garding  the  eye,  which  must  be  QfwJ©ined  in  a  complete 
account  of  this  organ.  We  ^aver  taken  up  these  suc¬ 
cessively.  First,  we  treatedQf  the  eye  as  an  optical 
instrument  contrived  to  Jj?rm  a  perfect  image,  every 
focal  point  of  which  correspond  with  a  radiant 

point  in  the  objecl  lis  is  a  purely  physical  inves¬ 
tigation.  Secon^f,  treated  of  the  structure  of  the 
retina ,  especia}^  its  bacillary  layer,  and  showed  how 
from  this  sljfpture  results  the  wonderful  property  of 
corresp^h&mg  points  retinal  and  spatial ,  and  the  ex- 
clian  £^>etween  these  by  impression  and  perceptive 
pmjfesjion,  and  how  the  law  of  direction  and  all  the 
ir  Lomena  of  monocular  vision  flow  out  of  this  prop- 
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erty.  Third,  we  treated  of  the  still  more  wonderful 
correspondence  of  the  two  retince  point  for  point,  and 
of  their  spatial  representatives  point  for  point ;  and 
considered  how  by  ocular  motion  the  two  images  of 
the  same  object  are  made  to  fall  on  corresponding 
points  of  the  two  retinae,  and  their  spatial  representa¬ 
tives  are  thereby  made  to  coincide  and  become  one ; 
and  how,  finally,  all  the  phenomena  of  binocular  vision 
flow  from  this  property. 

We  have  therefore  apparently  covered  the  ground 
originally  laid  out.  But  there  are  still  a  number  of 
questions  on  binocular  vision,  somewhat  more  abstruse 
and  more  disputed  than  the  preceding,  but  of  so  high 
interest  that  they  must  not  be  wholly  neglected.  The 
remaining  chapters  will  be  devoted  to  these. 

The  conclusions  reached  on  these  points  are  almost 
wholly  the  result  of  my  own  investigations.  They 
sometimes  agree  with  those  of  other  investigeWs  and 
sometimes  do  not.  They  therefore  rest  oa^Scm  higher 
authority  than  their  own  reasonableness.  Qo>ring  them 
forward  as  an  original  contributionyt^ytlie  science  of 
binocular  vision,  and  invite  the  J^®^htful  reader  to 
repeat  the  experiments  and  tp  xsJiry  or  disprove  the 
conclusions. 


PART  III. 


ON  SOME  DISPUTED  POINTS  IN 
BINOCULAR  VISION. 


CHAPTER  I. 


LAWS  OF  OCULAR  MOTION. 


SECTION  I.— LAWS  OF  PARALLEL  MOTION. — LISTING^}  LAW. 

Ntral  im- 


We  have  already  (page  63)  spoken  of 
ages  produced  by  strong  impressions  on^S^e  retina.  It 
is  evident  that  these,  being  the  res^lQof  impressions 
branded  upon  the  retina  and  rerna^^ig  there  for  some 
time,  must  while  they  remain  follow  all  the  motions  of 
the  eye  with  the  greatest  exacrfrass.  They  are  specially 
adapted,  therefore,  for  defacing  motions  of  the  eyes, 
such  as  slight  torsions^£))rotations  on  the  optic  axes, 
which  could  not  be  (MjMed  in  any  other  way. 

Experiment  l^-3set  the  experimental  room  be  dark¬ 
ened  by  closing*  me  shutters,  but  allow  light  to  enter 
through  a  v^r^eal  slit  between  the  shutters  of  one  win¬ 
dow.  I^’©hng  before  the  window  with  head  erect, 
gaze  steadily  at  the  slit  until  a  strong  impression  is 
branded  in  upon  the  vertical  meridian  of  the  retina. 
K  we  how  turn  about  to  the  blank  wall,  we  see  a  very 
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distinct  colored  vertical  spectral  image  of  tlie  slit. 
Placing  now  the  eyes  in  the  primary  position — i.  e., 
with  face  perpendicular  and  eyes  looking  horizontally 
— if,  without  changing  the  position  of  the  head,  we 
turn  the  eyes  to  the  right  or  left  horizontally,  the  im¬ 
age  remains  vertical.  Also  if  we  turn  the  eyes  upward 
or  downward  by  elevating  or  depressing  the  visual  plane, 
the  image  remains  vertical.  But  if,  with  the  visual 
plane  elevated  extremely,  say  40°,  we  cause  the  eyes  to 
travel  to  the  right  or  left,  say  also  40°,  or  if  we  turn 
the  eyes  from  their  original  primary  position  obliquely 
upward  and  to  one  side  to  the  same  point,  the  image 
is  no  longer  vertical,  but  leans  decidedly  to  the  same 
side ;  i.  e.,  in  going  to  the  right,  the  image  leans  to  the 

right,  thus —  /  ;  in  going  to  the  left,  it  leans  to  the 


left,  thus —  y  If,  on  the  contrary,  the  y^^l  plane 
be  depressed,  then  motion  of  the  eyes  to^hp  right  causes 
the  image  to  lean  to  the  left,  thus-X^<;  while  motion 

Cr  v  / 

to  the  left  causes  it  to  lean  to  j^e  right,  thus —  ^  . 

Experiment  2. — If,  in@jad  of  a  vertical,  we  use  a 
horizontal  slit  in  the  ^fc$ow,  and  thus  obtain  a  hori¬ 
zontal  image  and  tlirowit  on  the  wall  as  before,  then, 
if  the  image  ha/Tyen  made  wTith  the  eyes  in  the  pri¬ 
mary  positiopq^t  will  be  seen  on  the  wall  perfectly 
horizontal,  furthermore,  if  the  eyes  travel  right  and 
left  in  th(\primary  visual  plane,  or  upward  and  down¬ 
ward  b^elevating  or  depressing  the  visual  plane,  the 
imag4  retains  its  perfect  horizontally.  But  if,  wTith 
jfir  usual  plane  elevated,  we  cause  the  point  of  sight 
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to  travel  to  the  one  side  or  the  other,  the  image  is  seen 
to  turn  to  the  opposite  side;  i.  e.,  when  the  eyes  turn 
to  the  right,  the  image  turns  to  the  left,  thus — ; 
when  they  turn  to  the  left,  the  image  rotates  to  the 
right,  thus — If  the  visual  plane  be  depressed , 
then  motion  to  the  right  causes  the  image  to  rotate  to 
the  right,  ,  and  motion  to  the  left  causes  it  to  ro¬ 
tate  to  the  left,  . 

These  rotations  of  the  image  depend  wholly  on  the 
oblique  position  of  the  eyes,  and  it  makes  no  difference 
how  that  oblique  position  is  reached — whether  by  mo¬ 
tion  along  rectangular  coordinates,  as  in  the  experiments, 
or  by  oblique  motion  from  the  primary  position.  Fur¬ 
thermore,  the  amount  of  rotation  of  the  image  increases 
wdtli  the  amount  of  elevation  or  depression  of  the  visual 
plane,  and  the  amount  of  lateral  motion  of  the  eyes. 

Experiment  3 .  —The  fact  of  rotation  or  ,t&sion  of 


the  images,  and  the  direction  of  that  torsi 
determined  by  the  somewhat  rough  mi 
above ;  but  if  we  desire  to  measure 
sion ,  the  wall  or  other  experimm(E£] 


re  easily 
s  detailed 
! mount  of  tor - 
plane  must  be 


covered  with  rectangular  coordiikilils,  vertical  and  hori¬ 
zontal.  By  experimenting  hrvhis  way,  I  find  that  for 
extreme  oblique  position s^ie  torsion  of  the  vertical 
image  on  the  vertical  li©)  of  the  experimental  plane 
is  about  15°,  but  the\S3pion  of  the  horizontal  image  on 
the  horizontal  lines^ft  only  about  5°.  The  reason  of 
this  difference  wilHbe  explained  farther  on. 

Putting  all  these  results  together,  the  fol¬ 

lowing  dh©*am  (Fig.  62)  gives  the  position  of  the 
vertical^Hpid  horizontal  images  when  projected  on  a 
vertklkl  plane  for  all  positions  of  the  point  of  sight. 
}\e  inspection  of  the  diagram  is  sufficient  to  show 
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that  the  inclination  or  torsion  of  the  vertical  image  on 
the  true  verticals,  and  that  of  the  horizontal  image  on  the 
true  horizontals,  are  in  opposite  directions .  If  torsion 

Fig.  62. 


Diagram  showing  the  Inclination  of^Vtuitical  and  Horizontal  Images 
for  all  Positions  of  the  Point  o^ght,  when  Projected  on  Verti¬ 
cal  Plane. 


of  the  images  show  torarap  of  the  eye,  there  must  he  a 
fallacy  somewhere. J^Tlie  one  or  the  other  must  he 


wrong ;  for  whe^Tqhe  indicates  torsion  to  the  right,  the 
other  indicate^iorsion  to  the  left,  and  vice  versa .  To 
show  this  tfyfradictory  testimony  more  clearly,  and 


wrong ; 


thus  to^ffbve  that  there  is  a  fallacy  here,  we  make 
anoth  S^kperiment. 


eriment  — Make  a  rectangular  cross-slit  in  the 


,  gaze  steadily  upon  it  until  the  spectral  impres- 
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sion  is  made  on  the  retina,  and  then  cast  the  image  on  the 
wall.  In  the  primary  position  of  the  eyes  it  is  of  course 
a  perfect  rectangular  cross.  Now  turn  the  eyes  to  the 
extreme  upper  right-hand  corner  of  the  wall.  The  cross, 
by  opposite  rotations  of  the  two  parts,  is  seen  distorted 


Looking  upward  and  to  the  left,  it  is 


seen  thus — 


Oblique  motion  downward  and  to 


the  right  makes  it  appear  thus — 


and  to  the  left 


thus - .  It  will  be  observed  that  this  is  exactly  the 

manner  in  which  the  lines  cross  in  the  diagram,  and  we 
have  placed  crosses  in  the  corners  to  indicate^tft^  f act. 

Evidently  the  cause  of  the  contradicto^^tevidence 
of  the  two  images  is  projection  on  a  planeNnclined  at 
various  angles  to  the  line  of  sight.  4k  diagram  is  a 
correct  representation  of  the  phenm^ena  as  seen  pro¬ 
jected  on  a  vertical  plane,  but  nm  a  correct  represen¬ 
tation  of  the  torsions  of  the  (j^s.  To  eliminate  this 
source  of  fallacy  and  get  true  torsion  of  the  eyes, 
we  must  project  the  cwoSs3)mage  on  a  plane  in  every 
case  perpendicular  ta^feiine  of  sight. 

Experiment  5^-jPrepare  an  experimental  plane  a 
yard  square,  a  rectangular  cross  in  the  center,  and 

set  up  a  peitf&Nly  perpendicular  rod  at  the  point  of 
crossing,  the  plane  in  a  position  inclined  30°  to 

40°  wift^fche  vertical,  and  obliquely  to  the  right  side 
an<L^J»ve,  so  that,  when  sitting  before  the  experimen- 
t^LwttLdow  and  turning  the  eyes  extremely  upward  and 
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to  the  right,  the  observer  looks  directly  on  the  top  of 
the  rod,  and  this  latter  is  projected  against  the  plane  as 
a  round  spot.  We  thus  know  that  the  line  of  sight  is 
perpendicular  to  the  plane.  Now,  after  gazing  at  the 
cross-slit  in  the  window  until  the  spectral  impression  is 
made  on  the  retina,  without  moving  the  head,  cast  the 
image  on  the  center  of  the  plane  by  turning  the  eyes 
obliquely  upward  and  to  the  right.  The  rectangular 
cross-image  rotates,  both  parts  alike ,  so  as  to  retain  per¬ 
fectly  its  rectangular  symmetry,  to  the  right,  thus — 


,  showing  unmistakably  a  torsion  of  the  eyes  in  the 
same  direction.  If  the  plane  be  arranged  similarly  on 


the  left  side,  the  cross  turns  to  the  left,  thus- 


If 


the  plane  be  arranged  below  and  to  the  right,  so  that 
the  eyes  turned  obliquely  downward  andy^^ijjie  right 
shall  look  perpendicularly  upon  it,  tlie^s  will  turn 

left  side,  the  cross  will  turn^o  the  right,  thus —  . 

In  all  cases  the  rectang^Ei*’  symmetry  is  perfectly  pre¬ 
served,  a  sure  sign  ^h^tlhere  is  no  error  by  projection, 
and  that  they  truho^present  the  torsion  of  the  eyes. 

ExperimenftA^- In  order  to  neglect  no  means  of 
testing  the*  Ifl^tk  of  this  conclusion,  we  will  make  one 
more  exp£5^hient,  using  the  sky  as  the  plane  upon 
wdiic^vfcNproject  the  image.  This  spatial  concave  is  of 
cou.  Everywhere  at  right  angles  to  the  line  of  sight, 
^utfAtlierefore  is  free  from  any  suspicion  of  error  from 
ibr  ejection .  Standing  in  the  open  air  before  a  vertical 
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flag-staff,  I  gaze  upon  it  steadily  until  its  image  is,  as  it 
were,  burned  into  the  vertical  meridian  of  the  retina. 
Now,  without  moving  the  head,  I  turn  the  eyes  ob¬ 
liquely  upward  and  to  the  right,  and  the  image  leans 
decidedly  to  the  right ;  and  turning  to  the  left,  the  image 
leans  to  the  left.  In  this  position  of  the  head,  of  course, 
the  ground  prevents  us  from  making  the  same  experi¬ 
ment  with  the  visual  plane  depressed.  I  therefore 
vary  the  experiment  slightly.  Sitting  directly  in 
front  of  the  college  building,  with  the  morning  sun 
shining  obliquely  on  its  face,  the  light-colored  perpen¬ 
dicular  pilasters  gleam  in  the  sunshine,  and  contrast 
strongly  with  the  shadows  which  border  their  northern 
margin.  Grazing  steadily  at  the  building,  I  easily  get  a 
strong  spectral  image  of  the  whole  structure,  with  its 
vertical  and  its  horizontal  linos.  Now  throwing  myself 
flat  on  my  back,  I  see  the  image  perfectly  erect  on  the 
zenith.  Turning  the  eyes  upward  toward  tkA  brows 
and  to  the  right  and  left,  then  downward  J^J^ard  the 
feet  and  to  the  right  and  left,  the  wholaTKxrage  of  the 
building  rotates  precisely  as  indicatqdrm  my  previous 
experiments.  ^<0^ 

Evidently,  then,  in  the  diagran^Jfig.  62,  the  verticals 
give  true  results,  but  the  horfyntals  deceptive  results 
by  projection.  Why  this  isgy  is  easily  explained.  Sup¬ 
pose  an  observer  to  staa  a  room  before  a  vertical 
wall ;  suppose  him  to  be  surrounded  by  a  spher¬ 

ical  wire  cage  con^mkted  of  rectangular  spherical  co¬ 
ordinates,  or  rxmrOTans  and  parallels,  with  the  eye  in 
the  center  andN^ie  pole  in  the  zenith.  Evidently,  the 
surface  of ^5s  spherical  concave  is  everywhere  perpen¬ 
dicular  iMme  line  of  sight,  and  therefore,  like  the  sky, 
is  tli&4&roper  surface  of  projection.  Evidently,  also,  the 
imuQliaus  and  parallels  everywhere  at  right  angles  to 
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each  other  are  the  true  coordinates  wherewith  to  com¬ 
pare  the  images,  vertical  and  horizontal,  in  order  to 
determine  the  direction  and  amount  of  their  rotation. 
Now  the  simple  question  is,  “  How  do  these  true  rec¬ 
tangular  coordinates  project  themselves  on  the  wall  to 
an  eye  placed  in  the  center,  or  how  would  their  shad- 


Fig.  G3. 


ows  be  cas0)y  a  light  in  the  center  ? 55  It  is  evident 
that  thtfGheridians  would  project  as  straight  verticals, 
but  fk^Vf)arallels  not  as  straight  lines,  but  as  hyperbolic 
es,  increasing  in  curvature  as  we  go  upward  or 


nward.  The 


diagram 


Fig.  63  shows  how  the 
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Fig.  04. 


spherical  coordinates  would  project  on  a  vertical  wall. 
By  calculation  or  by  careful  plotting  it  may  be  shown 
that  at  an  angle  of  elevation  or  depression  of  40°,  and 
a  lateral  angle  of  the  same  amount,  the  inclination  of 
the  hyperbolic  curve  on  the  horizontals  of  the  wall  will 
be  about  20°.  Now  a  rectangular  cross-image,  if  un¬ 
rotated ,  would  project  as  the  crosses  in  the  corners,  i.  e., 
the  vertical  arm  would  project  vertically,  but  the  hori¬ 
zontal  arm  would  be  inclined  20°  with  the  horizontal, 
so  that  the  angles  of  the  cross  would  be  about  70°  and 
110°.  Now  rotate  these  crosses  15°,  the 
right  upper  one  to  the  right,  the  left  up¬ 
per  one  to  the  left,  the  right  lower  to  the 
left,  and  the  left  lower  to  the  right,  and 
we  have  the  precise  phenomena  repre¬ 
sented  by  the  diagram  Fig.  62 ;  i.  e.,  the 
verticals  are  turned  15°  right  or  left  as 
the  case  may  be,  and  the  horizontals  in 
the  opposite  direction  but  only  5°.  Figy>0 
64  illustrates  this  in  the  case  of  the  riglMiand  upper 
cross-image— the  heavy  cross  represe&Jrfg  the  cross  un¬ 
rotated,  and  the  lighter  one  the  srfnfcNi’otated  15°  to  the 
right  by  extreme  obliquity  of  t^  ime  of  sight. 

Therefore,  the  diagram  wGfeli  truly  represents  the 
torsion  of  the  eye  in  vari<>ujM30sitions,  or  the  torsion  of 
the  cross-image  when  ^i^red  to  a  spherical  concave  per¬ 
pendicular  to  the  ljLii^yf  sight  in  every  position,  is  rep¬ 
resented  in  Fig.  Simple  inspection  of  this  figure 
shows  the  reah^jpjbction  and  amount  of  rotation  both  of 
the  vertical the  horizontal  image  for  every  position 
of  the  sight.  The  crosses  in  the  corners  show 

that  t\mr&  is  no  distortion  by  projection. 

are  justified  therefore  in  formulating  the  laws 
o^arallel  motion  of  the  eyes  thus  : 
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1.  When  the  eyes  move  together  in  the  primary 
plane  to  the  one  side  or  the  other ,  or  in  a  vertical 
plane  up  or  down ,  there  is  no  rotation  on  the  optic 
axes ,  or  torsion . 

Fig.  65. 


op  tub  Eye  fob  Various  Posi.ions  of 
:nt  of  Sight. 


>: 


Diagram  showing  the  True  Toj 

2.  When  thp^^ytal  plane  is  elevated  and  the  eyes 
move  to  the  righA  they  rotate  to  the  right  /  when  they 
move  to  th&J^ps,  they  rotate  to  the  left . 

3.  the  visual  plane  is  depressed ,  motion  of 

the  the  right  is  accompanied  with  rotation  to  the 

left\cmd  motion  to  the  left  with  rotation  to  the  right . 

These  laws  may  be  all  generalized  into  one,  viz. : 
the  vertical  and  lateral  angles  have  the  same 
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sign*  the  rotation  is  positive  {to  the  rigid) ;  when  they 
have  contrary  signs ,  the  rotation  is  negative  (to  the  left). 

The  law  now  announced  as  the  result  of  experiment 
is  evidently  identical  with  the  law  of  Listing ,  which  has 
been  formulated  by  Listing  himself  thus  : 

“  When  the  line  of  sight  passes  from  the  primary 
position  to  any  other  position ,  the  angle  of  torsion  of 
the  eye  in  its  second  position  is  the  same  as  if  the  eye 
had  come  to  this  second  position  l)y  turning  about  a 
fixed  axis  perpendicular  both  to  the  first  and  the  second 
position  of  the  line  of  sights  f 

Now  an  axis  which  satisfies  these  conditions  can  be 
none  other  than  an  equatorial  axis — i.  e.,  an  axis  in  a 
plane  perpendicular'  to  the  polar  or  visual  axis .  In 
turning  from  side  to  side  in  the  primary  plane,  it  is  a  ver¬ 
tical  equatorial  axis.  In  turning  up  and  down  vertically, 
it  is  a  horizontal  equatorial  axis.  In  turning  obliquely, 
as  in  the  experiments  on  torsion,  it  is  an  olfii^ie  equa¬ 
torial  axis.  Now  take  a  globe,  and,  placing^he  equator 
in  a  vertical  plane,  make  a  distinct  vertical  and  hori¬ 
zontal  mark  across  the  pole.  Then^hai  the  globe  on 
an  oblique  equatorial  axis,  so  pole  shall  look 

upward  and  to  the  right.  ItvwUl/be  seen  that  the  polar 
cross  is  no  longer  vertical  orizontal,  but  is  rotated 
to  the  right.  If  the  glob^e  turned  upward  and  to  the 
left,  the  polar  cross  will\mate  to  the  left ;  if  downward 
and  to  the  right,  it  'rotate  to  the  left ;  and  if  to  the 
left,  it  will  rotaJtfT  pPtlie  right.  In  a  word,  the  rotation 
in  every  case  Js  xne  same  as  given  in  the  above  laws 
determinedH&sr^xperiment. 


*  In  rc^brence  to  a  vertical  line,  positions  to  the  right  are  positive 
and  to  tree  left  negative ;  in  reference  to  a  horizontal  line,  above  is  posi- 
ti^p^Wd  below  negative. 

Helmholtz,  “  Optiquc  Phvsiologique,”  p.  606. 
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Contrary  Statement  by  Helmholtz. — We  have  given 
these  laws  and  their  experimental  proof  in  some  detail, 
and  have  taken  some  pains  to  show  that  they  are  in 
complete  accord  with  Listing’s  law,  because  Helmholtz 
in  his  great  work  on  “  Physiological  Optics  ”  has  given 
these  laws  of  ocular  motion  the  very  reverse  of  mine. 
I  quote  from  the  French  edition  of  1867,  which  is  not 
only  the  latest  hut  also  the  most  authoritative  edition 
of  the  work  :  * 

“  When  the  plane  of  sight  is  directed  upward,  lateral 
displacements  to  the  right  make  the  eye  turn  to  the  left , 
and  displacements  to  the  left  make  it  turn  to  the  right. 

“  When  the  plane  of  sight  is  depressed,  lateral  dis¬ 
placements  to  the  right  are  accompanied  with  torsion 
to  the  right,  and  vice  versa. 

“  In  other  words,  when  the  vertical  and  lateral  an¬ 
gles  are  both  of  the  same  sign,  the  torsion  is  negative ; 
when  they  are  of  contrary  signs,  the  torsion  Y^m^iveP  f 

We  have  demonstrated  the  very  revqcSyof  every 
one  of  these  propositions,  and  we  have^jQb  shown  that 
they  are  inconsistent  with  Listing’ sy^r  as  quoted  by 
Helmholtz  himself.  The  experiwiQs  by  which  Helm¬ 
holtz  seeks  to  determine  the  tm’Mons  of  the  eye  are  the 
same  as  those  already  describe0under  experiments  1  and 
2,  pages  185  and  186.  TW0jresults  which  he  reaches  are 
also  the  same  as  tho^e^Aegfched  by  myself,  except  that 
he  makes  the  incl inwon  of  the  vertical  image  on  the 
verticals  of  the  v^alWnd  of  the  horizontal  image  on  the 
horizontals  of  $5  wall,  equal  to  each  other,  while  I  make 
the  inclinati^Vrf  the  verticals  much  greater.  The  dia¬ 
gram  taN^hich  he  embodies  all  these  results  is  also 

;  A  sborf  time  before  his  death  Helmholtz  commenced  a  revision  of 
his  great  work,  but  he  never  finished,  and,  as  I  learn  from  his  translator, 


0 


JavWjhc  never  altered  these  statements, 
f  “Optique  Physiologique,”  p.  G02. 
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similar  to  my  diagram,  Fig.  62,  except  that  in  his  the 
horizontal  and  vertical  curves  are  exactly  similar,  while 
in  mine  the  curves  of  the  verticals  are  much  greater. 
He  also,  like  myself,  admits  that  there  is  a  fallacy  by 
projection.  But  unaccountably  he  imagines  that  the  in¬ 
clination  of  the  horizontal  image  on  the  true  horizontal 
gives  true  results,  and  the  inclination  of  the  vertical 
image  on  the  true  vertical  deceptive  results  by  projec¬ 
tion  ;  therefore  he  imagines  the  eye  to  turn  exactly  the 
reverse  of  the  reality.  Experiments  5  and  6,  under  con¬ 
ditions  eliminating  errors  by  projection,  prove  the  false¬ 
ness  of  his  results.  I  have  striven  in  vain  to  find  some 
explanation  of  Helmholtz’s  statements,  and  especially 
concerning  the  contrary  rotations  of  the  vertical  and 
horizontal  images.  I  can  not  but  regard  them  as  a  sim¬ 
ple  mistake  by  inadvertence.  The  reader  who  desires 
to  follow  up  this  subject  will  find  it  discussed  in  an 
article  by  the  writer  referred  to  belgw.* 

The  Rotation  only  Apparent. — There  can  beMio  doubt, 
then,  that  when  the  eye  passes  from  its  prQ^ary  position 
to  an  oblique  position,  the  vertical  meiy)lian  of  the  ret¬ 
ina  is  no  longer  vertical,  but  inclto®  If  we  observed 
the  iris  of  another  person,  wql  sfcenild  see  that  it  had 
turned  as  a  wheel.  In  defer@cfe  to  the  usage  of  other 
writers  and  to  the  appearai®p,  1  have  spoken  of  this  as 
a  rotation  on  the  optic  adw)  but  it  is  so  in  appearance 
only,  and  not  in  repay  ;  for  the  motion  of  the  eye, 
being  always  on^anpixis  in  a  plane  perpendicular  to 
the  polar  or  op ^  axis,  can  not  be  resolved  into  a  rota¬ 
tion  about  t]Q^  axis.  A  simple  experiment  will  show 
the  kimEfojQbtation  which  takes  place  in  bringing  the 
eye  to  th^vmlique  position.  Take  a  circular  card,  Fig. 
make  on  it  a  rectangular  cross  which  shall  rep- 

American  Journal  of  Science  and  Arts,”  III,  vol.  xx.  1880.  n.  83. 
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resent  the  vertical  (V  V)  and  horizontal  (II H)  me¬ 
ridians  of  the  retina.  A  small  central  circle  p  repre¬ 
sents  the  pupil.  Now  take  hold  of  the  disk  with  the 
thumb  and  finger  of  the  right  hand  at  the  points  V  V, 
and  place  this  line  in  a  vertical  plane.  Then  tip  the 

disk  up  so  that  the  pu¬ 
pil^  shall  look  upward 
45°  or  more,  but  the 
line  V  V  still  remain¬ 
ing  in  the  vertical 
plane.  Finally,  with 
the  finger  of  the  left 
hand  turn  the  disk  on 
the  axis  V  V  to  the 
left.  It  will  be  seen 
that  V  V  is  no  longer 
vertical,  nor  H II  hori¬ 
zontal;  but ^(^ne  other 
line  x  x  is  vertical,  and  y  y  horizontal.  In^5iher  words, 
the  whole  disk  seems  to  have  rotated  faQffie  left.  But 
this  is  evidently  no  true  rotation  wCjt*  polar  axis,  but 
only  an  apparent  rotation  con sejm^n^ upon  reference  to 
a  new  vertical  meridian  of*spaJei*  It  does  not  take 
place  in  the  primary  plane,  b&auB'e  there  all  the  spatial 
meridians  are  parallel,  bi^only  in  an  elevated  or  de¬ 
pressed  plane,  becausejEm  spatial  meridians  are  theTe 
convergent  to  poles'i^tlie  zenith  and  nadir. 

After  this  di^fission  it  may  be  well  to  redefine  the 
law  of  Listin^iiMifferent  words,  thus  :  When  the  eye 
passes  fronvitoTpiriniary  position  to  any  other  position, 
it  alwa^^fffcrns  on  some  equatorial  axis,  or  axis  at  right 
angle^^nhe  visual  axis,  but  “  never  swivel-like  on  the 
vk^l  axis  itself.”  *  I  shall  therefore  hereafter  call  this 

*  Foster,  “Physiology,”  Part  IV,  p.  12*19. 
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apparent  rotation  on  the  visual  axis  torsion .  This  is  the 
more  important,  because  there  is  a  real  rotation  on  the 
visual  axis,  which  we  shall  speak  of  under  the  next  head.* 


•1C-'  j...;  :• '  '  '  : 

SECTION  II. — LAWS  OF  CONVERGENT  MOTION. 

We  have  thus  far  confined  ourselves  to  explanation 
of  the  laws  which  govern  the  eyes  when  they  move  in 
the  same  direction  with  axes  parallel,  as  in  looking  from 
side  to  side  or  up  and  down.  I  have  called  this  the  law 
of  parallel  motion .  We  now  come  to  speak  of  the 
laws  which  govern  the  eyes  when  they  move  in  opposite 
directions ,  as  in  convergence.  These  I  shall  call  the 
laws  of  convergent  motion . 

In  convergence  there  is  not  merely  an  apparent  rota¬ 
tion  or  torsion,  but  a  real  rotation  of  the  eyes  on  the  optic 
or  visual  axes;  and  since  the  motions  are  in  opposite  di¬ 
rections,  the  rotations  are  also  opposite.  BH^except  in 
very  strong  convergence,  the  rotation  isa^ll  and  diffi¬ 
cult  to  observe,  and  therefore  has  beeivmher  overlooked 
or  denied  by  many  observers.  As  inexistence  or  non¬ 
existence  of  this  rotation  has  a(Q)mportant  hearing  on 
the  much- vexed  question  of  thMioropter,  it  is  important 
that  proof  should  be  accumulated  even  to  demonstration. 

The  first  difficulty  wjMi  meets  us  in  experimenting 
on  this  subject  is,  tli^^ectral  images,  which  are  such 
delicate  indicator  8  ©  'ocular  motion,  are  almost  useless 
here.  In  parallei^motion  of  the  eyes  these  images  fol¬ 
low  every  mlreeJnent  with  the  utmost  exactness,  but  in 
convergei^|Nnotion  they  do  not.  Suppose,  for  example, 
with  tl^vyes  parallel  or  nearly  so,  a  spectral  image  is 

indebted  to  Mrs.  Franklin  for  having  drawn  my  attention  to  the 
fa^©lai  several  writers,  Volkmann,  Donders,  Aubert,  etc.,  have  perceived 
t  the  rotation  of  the  eyes  in  Helmholtz’s  experiments  is  only  apparent. 
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branded  on  the  vertical  meridians  of  both  eyes.  In 
convergence  each  eye  may  move  through  45°  or  more, 
and  yet  the  place  of  the  spectral  image  remains  the  same, 
viz.,  directly  in  front .  The  eye  also  in  extreme  conver¬ 
gence  may  rotate  on  the  optic  axis  10°,  but  the  vertical 
image  remains  still  perfectly  vertical.  The  reason  of 
this  is,  that  the  two  retinal  images  are  on  corresponding 
points,  and  therefore  by  the  law  of  corresponding  points 
their  external  representatives  are  indissolubly  united . 
In  moving  the  eyes  in  opposite  directions,  it  is  impos¬ 
sible  that  the  images  should  move  except  by  separating ; 
but  separation,  either  complete  or  partial,  is  impossible 
without  violating  the  law  of  corresponding  points — a 
law  which  is  never  violated  under  any  circumstances 
whatsoever.  Actual  objects  therefore,  not  spectral  im¬ 
ages,  must  be  used  in  these  experiments. 

As  the  experiments  about  to  be  described  are  among 
the  most  difficult  in  the  whole  field  of  bino<m(fiA vision, 
and  as  in  many  of  them  it  is  absolutely  nece^gphy  that  the 
primary  visual  plane  should  be  perfec^J^liorizontal,  I 
must  first  define  what  we  mean  by  t M^jprimcury  visual 
plcme,  and  show  how  it  may  be  made  perfectly  horizontal . 

Take  a  thin  plate,  like  a  cardboard  ;  place  its  edge 
on  the  root  of  the  nose  and  card  at  right  angles  to 
the  line  of  the  face,  in  wise  that  the  plane  of  the 
card  shall  cut  through  tM  center  of  the  two  pupils, 
and  you  can  see  only^rck  edge.  The  card  is  then  in  the 
primary  visual  pl|jn£.  Keeping  the  position  of  the  card 
fixed  in  relal  to  the  face,  the  face  may  be  elevated 
or  depresse^n^d  fhe  card  will  be  also  elevated  or  de¬ 
pressed*^^  will  remain  in  the  primary  visual  plane. 
But  if  card  be  elevated  or  depressed  so  as  to  make 
a  d^ffeqpnt  angle  with  the  line  of  the  face,  then  the  vis- 
fiane  is  elevated  or  depressed  above  or  below  the 
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Fig.  67. 
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primary  position.  When  the  head  is  erect  and  the  line 
of  the  face  vertical,  the  primary  visual  plane  is  horizon¬ 
tal.  Suppose  we  wish  now  to  look  at  a  vertical  wall  in 
such  wise  that  the  primary 
visual  plane  shall  be  perfect¬ 
ly  horizontal.  W e  first  mark 
on  the  wall  a  horizontal  line 
exactly  the  height  of  the  root  of  the  nose.  Standing 
then  say  6  feet  off,  and  shutting  first  one  eye  and  then 
the  other,  we  bring  the  image  of  the  lowest  part  of 
the  root  of  the  nose  directly  across  the  line.  The  pri¬ 
mary  plane  is  then  perfectly  horizontal.  In  Fig.  67,  n 
and  n'  are  the  curves  of  the  outline  of  the  root  of  the 
nose  as  seen  by  the  right  and  left  eye  respectively,  and 
n  n'  is  the  horizontal  line  on  the  wall.  We  are  now 
prepared  to  make  our  experiments. 

Experiment  1 . — Prepare  a  plane  2  feet  long  and  1 
foot  wide.  Dividing  this  by  a  middle  line^^to  two 


equal  s^sh-  es,  let  one  of  the  halves  be  painted  black 
and  4^e  other  white.  Let  the  whole  ba  covered  with 
xecwigular  coordinates,  vertical  and  horizontal,  on  the 
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black  half  the  lines  being  white  and  on  the  white  half 
black,  as  in  Fig.  68.  Near  the  middle  of  the  two  square 
halves,  and  at  the  crossing  of  a  vertical  and  horizontal 
line,  make  two  small  circles,  c  c'.  Set  up  this  plane  on 
the  table  in  a  perfectly  vertical  position,  and  at  a  dis¬ 
tance  of  2  or  3  feet.  Rest  the  chin  on  the  table  im¬ 
mediately  in  front  of  the  plane,  with  a  book  or  other 
support  under  the  chin,  so  that  the  root  of  the  nose 
shall  be  exactly  the  same  height  as  the  circles,  which  in 
this  case  is  about  6  inches.  Now,  shutting  alternately 
one  eye  and  the  other,  bring  the  image  of  the  lowest 
part  of  the  root  of  the  nose  coincident  with  the  hori¬ 
zontal  line  running  through  the  circles.  The  primary 
plane  is  now  perfectly  horizontal,  and  therefore  at  right 
angles  to  the  experimental  plane.  Now,  finally,  con¬ 
verge  the  eyes  until  the  right  eye  looks  directly  at  the 
left  circle,  and  the  left  eye  at  the  right  circle,  and  of 
course  the  two  circles  combine.  If  one  is  practiced  in 
such  experiments,  and  observes  closely,  lio^JH  kee  that 
the  vertical  lines  of  the  two  squares  Araicli  can  be 
readily  distinguished,  because  those  one  are  white 

and  of  the  other  black),  as  they  aj^mfich  and  pass  over 
one  another  successively,  ar^  perfectly  parallel, 

but  make  a  small  angle,  tliuO-  /  :  and  also  that  the 

&  . 

angle  increases  as  the  ccd^rgence  is  pushed  farther  and 
farther  so  that  lines  beyond  the  circles  are  brought 
successively  tog^tl0P?  Similarly  also  the  horizontals  cut 
each  other  at  a^smfill  angle,  but  this  fact  is  not  so  easy 
to  observe  ^Jkrtlie  case  of  the  verticals. 

SuclM^uie  phenomena;  now  for  the  interpretation. 
It  muwe  remembered  that  images  of  objects  differ 
wlmtlW'  from  spectral  images  in  this,  viz. :  that  spectral 
images,  being  fixed  impressions  on  the  retina,  follow 
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the  motions  of  the  eye  with  perfect  exactness ;  while, 
images  of  objects  being  movable  on  the  retina,  their  ex¬ 
ternal  representatives  in  convergence  seem  to  move  in  a 
direction  contrary  to  the  motions  of  the  eye  (page  124). 
This  is  true  of  all  motions,  whether  by  transfer  of  the 
point  of  sight  or  by  rotation  about  the  optic  axes.  Now, 
in  the  above  experiment,  the  images  of  the  two  squares 
with  all  their  lines  seem  to  rotate  about  the  point  of  sight 
outward — i.  e.,  the  right-hand  square  to  the  right,  and  the 
left-hand  square  to  the  left.  At  first  sight  this  might 
seem  to  indicate  a  contrary  rotation  of  the  eyes,  viz.,  in¬ 
ward.  But  not  so ;  for,  ob¬ 
serve,  the  field  of  view  of  the 
right  eye  is  the  left  or  black 
square,  and  the  field  of  view  of 
the  left  eye  is  the  right  or  white 
square.  The  right-eye  field 
turns  to  the  left,  showing  a  ro¬ 
tation  of  the  right  eye  to  the 
right ;  while  the  left-eye  field 
turns  to  the  right,  showing  a 
rotation  of  the  left  eye  to  the 
left.  Thus  the  two  eyes  in  con-  >  - 
mergence  rotate  outward .  Thi|^  L  R 

is  shown  in  the  diagram  M-  09,  in  which  c  cf  is  the 
experimental  plane.  Thfe^rrows  show  the  direction  of 
rotation  of  the  imageSSsfr  the  plane  and  of  the  eyes. 

Experiment  £jp-?When  one  becomes  accustomed  to 
experiments  of^ns  kind,  he  can  make  them  in  many 
ways.  I  find^lle  following  one  of  the  easiest  and  most 
conveni^C^Measure  the  exact  height  of  the  root  of  the 
nose  uj^Hulie  sash  of  the  open  window,  and  mark  it. 
Stan^Jtovith  head  erect  about  3  or  4  feet  from  the  win- 
>wr  Using  the  cross-bars  of  the  sash-frame  as  hori- 
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zontal  lines,  arrange  the  head  so  that  the  two  images 
of  the  root  of  the  nose  shall  he  exactly  the  same  height 
as  the  mark.  The  primary  plane  is  now  horizontal. 
JSTow  converge  the  eyes  until  the  dark  outer  jambs  or 
sides  of  the  frame  of  the  sash  approach  each  other. 
This  will  be  very  distinct  on  account  of  the  bright  light 
between  them.  It  will  be  seen  that  the  frames  come 

r\U 

together,  not  parallel,  but  as  a  sharp  V,  thus —  \  ,  r  and 

l  being  the  right-  and  left-eye  images  respectively.  I 
find  that  when  I  stand  at  a  distance  from  the  window 
equal  to  the  width  of  the  sash,  the  angle  between  the 
two  jambs  as  they  come  together  is  about  15°,  showing 
a  rotation  of  each  eye  outward  7°  30'.  When  standing 
still  nearer,  so  that  the  convergence  is  extreme,  the 
angle  is  20°  or  more,  showing  a  rotation  of  each  eye  of 
10°  or  more. 

In  all  these  experiments  the  extremest  neces¬ 

sary  to  insure  the  perfect  horizo.ntality  (gpthe  visual 
plane.  The  slightest  upward  or  downward  looking 
vitiates  the  result  by  introducing  m&t^matical  perspec¬ 
tive.  If  there  were  no  rotatiourpftj^n  looking  upward 
and  converging  would  bring,  fro  jambs  together  by 

A  r\ll 

perspective,  thus —  \  ;  lqg^mg  downward,  thus- 

loohing  horizontal,  , thus— 

of  rotation,  loo^njg  horizontal  brings  them  together 

thus-'V  ;  ^|^?nward,  at  higher  angle,  thus —  \^/  . 

Lookm^irpward  more  and  more,  the  angle  decreases 
till  it  Bfebomes  0  (i.  e.,  the  jambs  parallel),  and  then  in¬ 
verted.  I  find  that  in  the  previous  experiment,  stand¬ 
ing*  from  the  window  the  distance  of  its  width,  I  must 


But  on  account 
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elevate  the  plane  of  vision  about  6° — i.  e.,  I  must  look 
about  8  or  9  inches  above  the  mark — to  make  the  jambs 
parallel.  This  is  therefore  a  good  method  of  measuring 
amount  of  rotation. 

Experiment  3 . — A  far  more  accurate  mode  of  mea¬ 
suring  the  amount  of  rotation  is  by  constructing  dia¬ 
grams  on  a  plane  similar  to  the  one  used  in  experiment 
1,  but  in  which  the  verticals  and  horizontals  are  both 
inclined  on  the  true  verticals  and  true  horizontals  in  a 
direction  contrary  to  the  rotation  of  the  eyes — i.  in- 


Fig.  70. 


ward — and  then  determinm^the  degree  of  convergence 
necessary  to  make  thcmpcome  together  perfectly  par¬ 
allel.  I  find  that  for  my  eyes,  when  the  verticals  are 
thus  inclined  in  each  square  1£°  with  the  true  vertical, 
and  therefore  uj^ke  an  angle  of  with  each  other 
(Fig.  70),  thej^ome  together  parallel  when  the  point 
of  sight  (vvmiclies  from  the  root  of  the  nose.  When 
the  anglts  of  inclination  in  each  is  2|°  with  the  true 
vertmffl^and  therefore  5°  with  each  other,  the  point  of 
si|kt  must  be  4  inches  off.  When  the  inclination  with 
15 
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the. true  vertical  is  5°,  and  therefore  10°  with  each  other, 
the  point  of  sight  is  2*2  inches.  Finally,  when  the  in¬ 
clination  with  the  true  vertical  is  10°,  or  20°  wTith  each 
other,  then  they  can  he  brought  together  parallel  only 
by  the  extremest  convergence,  the  point  of  sight  being 
then  only  a  quarter  of  an  inch  in  front  of  the  root  of  the 
nose.  In  the  diagram  Fig.  70  the  lines,  both  vertical 
and  horizontal,  are  inclined  inward  1J°,  and  therefore 
the  verticals  of  the  two  squares  make  an  angle  with  each 
other  of  2£°.  It  is  therefore  a  reduced  facsimile  of  the 


Fig.  71. 


o 


point  ot  sight  is  7  lqck^s-^rom  the  root  ot  the  nose. 

In  the  cases  qiS^bx  treme  convergence  mentioned 
above,  I  find  th^Tibr  perfect  coincidence  of  both  ver¬ 
ticals  and  liQrj^ntals  it  is  necessary  that  the  inclination 
of  the  verti^M  with  the  true  vertical  must  be  greater 
than  th^w  the  horizontals  with  the  true  horizontal ;  so 
that  little  squares  are  not  perfect  squares.  Thus, 
\\h^4tlie  verticals  incline  5°,  the  horizontals  must  incline 
w  3|° ;  when  the  verticals  incline  10°,  the  horizontals 
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incline  only  5°.  Fig.  71  is  a  reduced  facsimile  of  the 
experimental  plane  used  in  this  last  case  of  extreme 
convergence.  I  can  not  account  for  this,  except  by  a 
distortion  of  the  ocular  globe  by  the  unusual  and  un¬ 
natural  strain  on  the  muscles,  especially  the  oblique 
muscles  of  the  eyes.  It  may  be  that  other  eyes  are 
more  rigid  than  mine,  and  suffer  less  distortion. 

The  above  is  by  far  the  most  refined  method  of 
proving  rotation,  and  of  measuring  its  amount.  But  so 
difficult  are  these  experiments,  and  so  delusive  the  phe¬ 
nomena,  that  it  is  necessary  to  prove  it  in  many  ways. 
Another  method  is  by  means  of  oculwr  spectra.  We 
have  already  shown  that  these  are  not  so  well  adapted  to 
experiments  in  convergent  motion  as  they  are  in  parallel 
motion.  For  example,  two  brands  on  the  vertical  merid¬ 
ians  of  the  two  retinge  produce  spectral  images  which 
are  perfectly  united  (pages  199  and  200).  17ow  in  strong 
convergence,  when  the  two  eyes  rotate  outwarjF^tlie  two 

*  l\/r 

images  will  not  separate  or  cross  each  otWpilius —  Y  > 

as  we  might  at  first  expect ;  for  this  i^C&rbidden  by  the 
law  of  corresponding  points.  BnHtfOtnay  use  a  spectral 
image  of  one  eye  to  show  rota^oV^f  that  eye. 

Experiment  Ip. — The  malQ^r  in  wThicli  I  conduct 
the  experiment  is  as  follo\v0  I  make  a  vertical  spectral 
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im^g&^n  the  manner  already  explained  (page  185),  by 
zing  with  one  eye  (say  the  right)  on  a  vertical  slit  in 
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a  closed  window.  I  now  turn  about,  and,  keeping  tlie 
left  eye  Z,  Fig.  72,  still  shut,  I  look  across  the  root  of 
the  nose  n  with  the  right  eye  E  at  a  perfectly  vertical 
line  w  on  the  wall.  I  see  the  vertical  image  perfectly 
parallel  and  nearly  coincident  with  the  vertical  line  on 
the  wall.  Then,  while  the  right  eye  still  continues  to 
look  along  the  line  E  s,  I  turn  the  shut  left  eye  Z  from 
its  previous  position  Z  s  through  an  angle  of  90°,  until 
its  line  of  sight  is  Z  s'  a .  In  other  words,  I  run  the 
point  of  sight  or  point  of  convergence  from  the  distant 
point  of  the  wall  w  along  the  line  E  s  to  the  point  a 
near  the  root  of  the  nose.  When  I  do  so,  I  see  the 


& 


spectral  image  incline  to  the  right,  thus —  /  ,  indicating 

(since  the  image  is  spectral)  a  rotation  of  the  eye  in  the 
same  direction.  This  experiment  is  very  difficult,  but 
it  is  conclusive.  . 

Experiment  5. — I  shut  one  eye,  say  iffi^jpft,  and 
look  across  the  root  of  the  nose  at  a  distarfgpbject,  as  in 
Fig.  72  IF.  An  assistant  now  observd^tentively  my 
iris,  and  notes  with  care  the  position  of  the  radiating 
lines.  Now,  without  changing/Ttrall  the  direction  of 
the  line  of  sight,  I  change  ti^point  of  sight  to  an  ob¬ 
ject  or  point  very  near  the  iQ>£  of  the  nose,  as  in  Fig. 
72,  by  turning  the  optic^ps  of  the  shut  eye  through 
90°  to  a .  I  again  relg^tJie  convergence  so  as  to  make 
the  optic  axes  vaifwtkl,  and  again  converge  upon  the 
near  point ;  an$[jJo  on  alternately.  With  every  con¬ 
vergence  tlieJJjs  is  seen  to  rotate  like  a  wheel  outward . 
I  have  sukj©ted  my  eyes  to  the  observation  of  five  dif- 
ferentOsjwsons,  and  they  all  made  the  same  statement 
in  r<^Mi  to  the  direction  of  rotation. 

^^iere  can  be  no  longer  any  doubt  that  my  eyes  in 
^pnvergence  rotate  on  the  optic  axes  outward,  the  de- 
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gree  of  rotation  increasing  witli  the  degree  of  conver¬ 
gence.  To  generalize  this  as  a  law  of  ocular  motion  I 
have  found  extremely  difficult,  because  there  are  so  few 
persons  who  are  able  to  verify  the  results,  on  account 
of  imperfect  voluntary  control  of  the  ocular  muscles, 
and  especially  the  difficulty  or  even  impossibility  which 
most  persons  find  in  observing  intelligently  images 
which  are  not  at  the  point  of  sight.  Nevertheless,  I 
have  found  several  persons  who  by  considerable  prac¬ 
tice  have  been  able  to  confirm  nearly  all  these  experi¬ 
ments.  I  have  also  made  observations  directly  on  the 
eyes  of  other  persons  in  the  manner  described  in  the 
fifth  experiment,  and  noted  the  rotation  of  the  iris  in 
strong  convergence.  I  think,  therefore,  I  am  justified 
in  announcing  the  outward  rotation  of  the  eyes  in  con¬ 
vergence  as  a  general  law. 

The  Effect  of  Elevation  and  Depression  of  the  Visual 
Plane  on  Rotation. — The  question  next  occui^S^Vhat  is 
the  effect,  on  this  rotation,  of  elevation  or  depression  of 
the  visual  plane  ?  I  have  also  made  m^£^  experiments 
to  determine  this  point. 

Experiment  6 . — In  making  QffWSments  of  this  kind, 
all  that  is  necessary  is  thatctner  experimental  plane 
shall  be  exactly  perpendic^l^i*  to  the  visual  plane. 
This  may  be  insured  eHK^  by  keeping  the  face  in  its 
former  position  and  gauging  the  inclination  of  the 
plane,  or  else,  morao^nveniently,  by  fixing  the  plane 
in  its  vertical  ^oynon  and  changing  the  inclination 
of  the  face-  £jf  we  choose  the  latter  method,  then, 
for  experii^hts  with  the  visual  plane  elevated,  the 
head  osNMe  is  turned  downward  and  the  eyes  look 
upwa^noward  the  brows  upon  the  experimental  plane 
being  taken  that  the  eyes  in  their  new  position 
be  on  a  level  with  the  center  of  the  plane.  By 


210  DISPUTED  POINTS  IN  BINOCULAR  VISION. 


experiments  of  this  kind  I  find  that  the  outward  rota¬ 
tion  in  convergence,  especially  in  strong  convergence, 
increases  decidedly  for  the  same  degree  of  convergence 
with  the  elevation  of  the  visual  plane. 

Experiment  7. — For  experiments  on  rotation  with 
the  visual  plane  depressed,  the  face  must  he  turned  up¬ 
ward  (taking  care  as  before  that  the  eyes  in  their  new 
position  are  on  a  level  with  the  center  of  the  plane), 
and  then  the  eyes  look  downward  toward  the  point  of 
the  nose  upon  the  experimental  plane.  In  this  case  I 
find  that  for  the  same  degree  of  convergence  the  rota¬ 
tion  decreases  steadily,  until  it  becomes  zero  for  all  de¬ 
grees  of  convergence  when  the  visual  plane  is  depressed 
45°  below  its  primary  position — i.  e.,  when  the  eyes  look 
toward  the  point  of  the  nose.  Below  this  angle  the  ro¬ 
tation  seems  to  be  inverse — i.  e.,  inward — although  it  is 
impossible  to  try  this  with  strong  convergence,  because 
the  nose  is  in  the  way.  . 

Cause  of  the  Rotation. — It  is  probable  w  Hie  rota¬ 
tion  is  produced  by  the  action  of  the  i^^rior  oblique 
muscles.  If  so,  we  can  understandably  it  increases 
with  elevation  of  the  visual  pla»tfQnd  decreases  with 
its  depression  ;  for  in  the  first  caW^he  tension  on  these 
muscles  would  be  increased,  e  in  the  latter  case  it 
would  be  decreased.  Jb 

Previous  Researches  ^on  this  Subject. — At  the  time  of 
my  own  researches  JvvT867  *  the  only  writer  who  to 
my  knowledge  h^cljmade  experiments  on  the  rotation 
of  the  eyes  y^tEe  visual  axes  in  convergence  was 
Meissner,  f  (@&foce  that  time  I  find  that  Hering  and 
others  lnftjvdone  so.  The  results  Meissner  arrives  at 
are  suO^ahtially  the  same  as  my  own ;  but  he  arrives 

^^^Arricrican  Journal  of  Sciences,”  vol.  xlvii,  pp.  G8  and  153,  1869. 

^4-  ^Archives  des  Sciences,”  tome  iii,  1858,  p.  160. 
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at  them  indirectly,  while  investigating  the  question  of 
the  horopter,  and  by  methods  far  less  exact  than  those 
employed  by  myself.  My  results,  therefore,  must  be 
regarded  as  a  confirmation  and  a  demonstration  of  his. 
Meissner’s  method  will  be  spoken  of  under  the  head  of 
the  horopter. 

Laws  of  Parallel  and  of  Convergent  Motion  Compared. 

— We  will  now  formulate  the  laws  of  convergent  mo¬ 


tion,  and  at  the  same  time  contrast  them  with  those  of 
parallel  motion. 

1.  When  the  eyes  move  in  the  primary  plane  in  the 
same  direction  (parallel  motion),  there  is  no  torsion ;  but 
when  they  move  in  that  plane  in  opposite  directions,  as 
in  convergence,  they  rotate  outward. 

2.  When  the  visual  plane  is  elevated  and  the  eyes 

move  in  the  same  direction  by  parallel  motion,  then 
lateral  motion  to  the  right  produces  torsion  to  the  right, 
and  to  the  left ,  torsion  to  the  left ;  but  when^on  the 
contrary,  they  move  in  opposite  directioffgy^s  in  con¬ 
vergence,  then  as  the  right  eye  movesjffcVthe  left,  i.  e., 
toward  the  nose,  it  rotates  to  the  and  as  the  left 

eye  moves  toward  the  nose,  i.  e^w^lie  right,  it  rotates 
to  the  left.  If  Listing’s  law  ofeeraied  at  all  in  this  case, 
as  it  acts  in  the  opposite  diction,  it  would  tend  to 
neutralize  the  effects  of  convergent  rotation ;  but  such 
is  not  the  fact.  On^^dSntrary,  as  we  have  seen,  the 
outward  rotation  metises  with  elevation  of  the  visual 

plane.  Cr 

3.  When  visual  plane  is  depressed,  and  the  eyes 

move  froir  l  to  side  b j  parallel  motion,  then  lateral 

motion ^Njhe  right  is  attended  with  torsion  to  the  left, 
and  moron  to  the  left  with  torsion  to  the  right.  Also 
wten^he  eyes  move  by  convergent  motion  in  opposite 
directions,  they  rotate  in  the  same  direction  as  in  the 
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case  of  parallel  motion  ;  but  there  is  this  great  differ¬ 
ence  :  that  while  in  parallel  motion  the  torsion  increases 
with  the  angle  of  depression,  in  convergent  motion  rota¬ 
tion  decreases  to  zero  at  45°.  If  Listing’s  law  operated 
at  all  in  this  case,  it  would  cooperate  with  and  increase 
the  effect  of  convergent  motion ;  but  the  very  reverse 
is  the  fact,  the  rotation  decreasing  with  the  angle  of 
depression. 

4.  We  have  already  shown  that  the  so-called  torsion 
of  parallel  motion  is  not  a  true  rotation  on  the  optic 
axes,  but  only  an  apparent  rotation,  the  result  of  refer¬ 
ence  to  a  new  spatial  meridian  not  parallel  with  the 
primary  meridian.  On  the  contrary,  the  rotation  pro¬ 
duced  by  convergent  motion  is  a  true  rotation  on  the 
optic  axes,  as  shown  by  the  fact  that  one  eye  without 
change  of  position  will  rotate  in  sympathy  with  the 
convergent  motion  of  the  other  eye  (experiments  4 
and  5). 

It  is  evident,  then,  that  when  the  eyejfi^ove  in  the 
same  direction  parallel  to  each  other^Cp  in  ordinary 
vision  of  distant  objects,  then  all  tligi^motions  are  gov¬ 
erned  by  Listing’s  law ;  but  whetfSpf  the  contrary,  they 
move  in  opposite  directions,  a^iiconvergence,  then  the 
law  of  Listing  is  either  gre^&fry  modified  or  else  it  is 
overborne,  and  another  l^^-eigns  in  its  place. 


CHAPTER  II. 
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If  we  look  at  any  point,  the  two  visual  lines  con¬ 
verge  and  meet  at  that  point.  Its  two  images  therefore 
fall  on  corresponding  points  of  the  two  retinae,  viz.,  on 
their  central  spots.  A  small  object  at  this  point  of 
convergence  is  seen  absolutely  single.  We  have  called 
this  point  “  the  point  of  sight.”  All  objects  t^yond  or 
on  this  side  the  point  of  sight  are  seen  doi^MpVin  the 
one  case  homonym ously,  in  the  other  h^fronymously 
— because  their  images  do  not  fall  ^^corresponding 
points  of  the  two  retinae.  But  obie&^below  or  above, 
or  to  one  side  or  the  other  sid^TJjXche  point  of  sight, 
may  possibly  be  seen  single  S^o.  The  sum  of  all  the 
points  which  are  seen  singQ)  while  the  point  of  sight 
remains  unchanged  is  ca&m  the  horopter . 

Or  it  may  be  ot^fiyMe  expressed  thus :  Each  eye 
projects  its  own  reMml  images  outward  into  space,  and 
therefore  has  its(Q\^n  field  of  view  crowded  with  its  own 
images.  WI^&j  we  look  at  any  object,  wTe  bring  the 
two  extera&Dhnages  of  that  object  together,  and  super¬ 
pose  tlM^  at  the  point  of  sight.  Now  the  point  of 
siglik  together  with  the  images  of  all  other  objects  or 
pqjr^  which  coalesce  at  that  moment,  lie  in  the  horop- 
hv-  The  images  of  all  objects  lying  in  the  horopter 
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fall  on  corresponding  points,  and  are  seen  single ;  and 
conversely,  the  horopter  is  the  surface  (if  it  he  a  surface) 
of  single  vision. 

Is  the  horopter  a  surface,  or  is  it  only  a  line  ?  In 
either  case,  what  are  its  form  and  position  ?  These  ques¬ 
tions  have  tasked  the  ingenuity  of  physicists,  mathemati¬ 
cians,  and  physiologists.  If  the  position  of  correspond¬ 
ing  points  were  certainly  known,  and  if  the  meridians 
of  the  eye  in  all  its  motions  corresponded  perfectly 
with  the  spatial  meridians,  then  the  question  of  the 
horopter  would  be  a  purely  mathematical  one.  But  the 
position  of  the  ocular  meridians,  and  therefore  of  corre¬ 
sponding  points,  may  change  in  ocular  motions.  It  is 
evident,  then,  that  it  is  only  on  an  experimental  basis 
that  a  true  theory  of  the  horopter  can  be  constructed. 
And  yet  the  experimental  determination,  as  usually  at¬ 
tempted,  is  very  unsatisfactory  on  account  of  the  indis¬ 
tinctness  of  perception  of  objects  except  v^rtTnjpar  the 
point  of  sight.  Therefore  experimenteO^termining 
the  laws  of  ocular  motion,  and  mathen^fecal  reasoning 
based  upon  these  laws,  seem  to  be  thinly  sure  method. 

The  most  diverse  views  have^flWefore  been  held  as 
to  the  nature  and  form  of  tl^nmiopter.  Aguilonius, 
the  inventor  of  the  name,  belCgVed  it  to  be  a  plane  pass¬ 
ing  through  the  point  of^rfpht  and  perpendicular  to  the 
median  line  of  sight,  as  we  have  shown  (page  117, 

Fig.  40),  is  geomet^Mlly  untenable.  Others  have  be¬ 
lieved  it  to  be  ti^Jurface  of  a  sphere  passing  through 
the  optic  centaS^  and  the  point  of  sight ;  others,  a  torus 
generated  Jj0fche  revolution  of  a  circle  passing  through 
the  opfieventers  *  or  nodal  points  and  the  point  of  sight 
(hororm^Kc  circle  of  Muller),  about  a  line  joining  the 

V^piJtic  center  is  here  used  in  sense  of  center  of  the  lens  system,  not 
^^tne  ocular  globe. 
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optic  centers.  The  subject  has  been  investigated  with 
great  acuteness  by  Prevost,  Muller,  Meissner,  Claparede, 
and  finally  by  Helmholtz.  Prevost  and  Muller  deter¬ 
mine  in  it,  as  they 
think,  the  circumfer¬ 
ence  of  a  circle  pass¬ 
ing  through  the  optic 
centers  and  the  point 
of  sight  (the  horop- 
teric  circle),  and  a 
line  passing  through 
the  point  of  sight 
and  perpendicular  to 
the  plane  of  the  cir¬ 
cle  (horopteric  verti¬ 
cal).  The  horopteric 
circle  of  Muller  is 
shown  in  Fig.  73,  in 
which  n  nf  is  the  line 
between  the  nodal 
points  or  points  of 


nOROrTERIC  ClRC. 


'  MtfLLER. 


ray-crossing,  A  the  point  of  sighf^nd  B  an  object  to 
the  left  and  situated  in  the  circumference  of  the  circle. 
Of  course,  the  images  of  A  ©H  on  the  central  spots 
c  c'.  It  is  seen  also  that  tW0images  of  B  fall  at  b  b\  at 
equal  distances  from  ^ksyrcntral  spots  c  c\  one  on  the 
nasal  half  and  one  oaNfie  temporal  half,  and  therefore 
on  correspondin^Qronts.  The  horopteric  vertical  of 
Muller  passes^tb^ugh  A  and  perpendicular  to  the  plane 
of  the  circle  c^,  of  the  diagram). 

Clarauvjsie  *  makes  the  horopter  a  surface,  of  such  a 
form  tli&Fit  contains  a  straight  line  passing  through  the 
pom-CTjf  sight  and  perpendicular  to  the  visual  plane,  and 
^  *  “Archives  des  Sciences,”  1858,  vol.  iii,  p.  161. 
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also  such  that  every  plane  passing  through  the  optic  cen¬ 
ters  makes  by  intersection  with  this  surface  the  circum¬ 
ference  of  a  circle.  In 


Fig.  74. 


other  words,  he  thinks 


B 


that  the  horopter  is  a 
surface  which  contains 
the  horopteric  vertical 
B  A  B\  Fig.  74,  and  the 
horopteric  circle,  N  A 
N\  and  in  addition  is 
further  characterized  by 
the  fact  that  the  inter¬ 
section  with  it  of  every 
plane  passing  through 
the  optic  centers  N  N' 
upward  as  N  B  N\  or 
downward  as  JVB'  Nr  is 
also  a  circlet is  evi¬ 
dent  that,  lese  circles 
increaseQii  size  upward 
and. 4%wnward,  the  ho¬ 
ropter  according  to  Claparede  if^surface  of  singular 
and  complex  form.  ^ 

Helmholtz  arrives  at  resQta  entirely  different.  Ac¬ 
cording  to  him,  the  hodSfter  varies  according  to  the 
position  of  the  poinljg^V sight,  and  is  therefore  very 
complex.  He  suiap^p  his  conclusions  thus :  * 

“  1.  GeneraQ^the  horopter  is  a  line  of  double  cur¬ 
vature  produ^d  by  the  intersection  of  two  hyperbo¬ 
loids,  whid^in  some  exceptional  cases  may  be  changed 
into  aJj^aoination  of  two  plane  curves. 

“  iSrFor  example,  where  the  point  of  convergence 

^  Oi’oonian  Lecture,  in  “  Proceedings  of  the  Royal  Society,”  xiii  (1864), 
also  “  Optique  Physiologique,”  p.  901  et  seq. 
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(point  of  sight)  is  situated  in  the  median  plane  of  the 
head,  the  horopter  is  composed  of  a  straight  line  drawn 
through  the  point  of  convergence,  and  a  conic  section 
going  through  the  optic  centers  and  intersecting  the 
straight  line. 

44  3.  When  the  point  of  convergence  is  situated  in 
the  plane  which  contains  the  primary  directions  of  both 
visual  lines  (primary  visual  plane),  the  horopter  is  com¬ 
posed  of  a  circle  going  through  that  point  and  through 
the  optic  centers  (horopteric  circle),  and  a  straight  line 
intersecting  the  circle. 

44  4.  When  the  point  of  convergence  is  situated  both 
in  the  middle  plane  of  the  head  and  in  the  primary 
visual  plane,  the  horopter  is  composed  of  the  horopteric 
circle  and  of  a  straight  line  going  through  that  point. 

44  5.  There  is  only  one  case  in  which  the  horopter  is 
a  plane ,  namely :  when  the  point  of  convergence  is  sit¬ 
uated  in  the  middle  plane  of  the  head  and  at^mliniinite 
distance.  Then  the  horopter  is  a  plane  pommel  to  the 
visual  lines,  and  situated  beneath  themQlt  a  distance 
which  is  nearly  as  great  as  the  dista^al  of  the  feet  of 
the  observer  from  his  eyes  when  standing.  There¬ 
fore,  when  we  look  straight  forward  at  a  point  on  the* 
horizon,  the  horopter  is  a  liori^ptal  plane  going  through 
our  feet ;  it  is  the  ground®)  which  we  stand . 

44  6.  When  we  look^w)  at  an  infinite  distance,  but 
at  any  point  on  the^ground  on  which  we  stand  which 
is  equally  distan/from  the  two  eyes,  the  horopter  is  not 
a  plane,  but  fl^straight  line  which  is  one  of  its  parts 
coincides  wi(£l^fne  ground.” 

Son^vS^empts  have  been  made  to  establish  the 
existera^of  the  horopteric  circle  of  M filler  by  means 
o^e^jleriments.  A  plane  is  prepared  and  pierced  with 
^multitude  of  holes  into  which  pegs  may  be  set.  The 
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eyes  look  horizontally  over  the  plane  on  one  peg,  and 
the  others  are  arranged  in  such  wise  that  they  appear 
single.  It  is  found  that  they  must  be  arranged  in  a 
circle.  I  have  tried  repeatedly,  but  in  vain,  to  verify 
this  result.  The  difficulty  is  the  extreme  indistinctness 
of  perception  at  any  appreciable  distance  from  the  point 
of  sight  to  one  side  or  the  other.  But,  as  a  general  fact, 
the  results  reached  by  the  observers  thus  far  mentioned 
have  been  reached  by  the  most  refined  mathematical 
calculations,  based  on  certain  premises  concerning  the 
position  of  corresponding  points  and  on  the  laws  of 
ocular  motion.  We  will  examine  only  those  of  Helm¬ 
holtz,  as  being  the  latest  and  most  authoritative. 

Helmholtz’s  results  are  based  upon  the  law  of  Lis¬ 
ting  as  governing  all  the  motions  of  the  eye,  and  upon 
his  own  peculiar  views  concerning  the  relation  between 
what  he  calls  the  apparent  and  the  real  vertical  jneridian 
of  the  retina.  According  to  him,  the  mzZ^racal' me¬ 
ridian  of  the  eye  is  the  line  traced  on  theratana  by  the 
image  of  a  really  vertical  linear  object  ^en  the  median 
plane  of  the  head  is  vertical  and  tli&gj^  in  the  primary 
position.  The  apparent  verticaiSp^ridian  of  the  eye  is 
*tlie  line  traced  by  the  imag^oiran  apparently  vertical 
linear  object  in  the  same  poison  of  the  eye.  This  is 
also  called  the  vertical  li&)of  demarcation, ,  because  it 
divides  the  retina  into  two  halves  which  correspond  each 
to  each  and  point  feiv^oint.  How,  according  to  Helm¬ 
holtz,  the  appd^^z  vertical  meridian  or  vertical  line 
of  demarkati^  does  not  coincide  with  the  real  vertical 
meridian,  10^  makes  with  it  in  each  eye  an  angle  of 
1J°,  a^vvffierefore  with  one  another  in  the  two  eyes  of 
2i°.  Xfie  horizontal  meridians  of  the  eyes,  both  real 
and  apparent,  coincide  completely.  Therefore,  if  the 
eyes  were  brought  together  in  such  wise  that  their 
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real  vertical  and  horizontal  meridians  should  coincide, 
their  apparent  horizontal  meridians  would  also  coin¬ 
cide  ;  but  the  apparent  vertical  meridians  would  cross 

l\  lr 


each  other  at  the  central  spot  thus —  ,  making 

an  angle  of  2|°.  For  this  reason  a  perfectly  vertical 
line  will  appear  to  the  right  eye  not  vertical,  but  in¬ 
clined  to  the  left,  and  to  the  left  eye  inclined  to  the 
right.  In  order  that  a  line  shall  appear  perfectly  ver¬ 
tical  to  one  eye,  it  must  incline  for  the  right  eye  1J° 
to  the  right,  and  for  the  left  1J°  to  the  left.  But  a 
horizontal  line  appears  truly  horizontal.  Therefore  an 
upright  rectangular  cross  will  appear  to  the  right  eye 


inclination  of  these  lines  is,  however,  exaggerated.  If, 
therefore,  according  to  Helmholtz,  we  make ^diagram 
of  which  one  half  is  composed  of  black  liae^on  white 
ground,  and  the  other  of  white  lines  oi>«Qvack  ground, 
like  those  already  used,  but  in  whi^lQ^diile  the  hori¬ 
zontals  run  straight  across  horizoiiA©y,  the  verticals  on 
the  right  half  are  inclined  AsUme  right,  and  on  the 
left  half  the  same  amount  to(tfib  left  (Fig.  75),  then,  on 
combining  these  by  gazing^eyond  the  plane  of  the  dia¬ 
gram  (i.  e.,  with  paralkMfcyes),  either  wTith  the  naked 
eye  or  with  the  stem^cope,  the  verticals  will  be  seen 
to  come  togetliei^pamllel  and  unite  perfectly. 

Now  Helmholtz’ s  views  of  the  form  of  the  horopter 
are  based  wdwSjNy  on  this  supposed  relation  of  real  and 
apparer  s#1  ;ical.  Take  for  example  his  case  of  the 
eyes  ra^tfon  a  distant  point  on  the  horizon.  In  this 
case>4e  says,  “  the  horopter  is  the  ground  on  which  we 
a.  This  is  true  if  the  relation  above  mentioned  is 
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would  in  fact  meet  about  5  feet  below — i.  e.,  about  the 
feet.  If,  therefore,  we  place  two  actual  rods  together 
on  the  ground  between  the  feet,  and  the  upper  ends  be¬ 
fore  the  pupils,  the  eyes  being  parallel,  it  is  evident  that 
the  image  of  the  right  rod  on  the  right  retina  and  that 
of  the  left  rod  on  the  left  retina  would  fall  exactly  on 
Helmholtz’s  apparent  vertical  meridian,  and,  if  Helm¬ 
holtz’s  views  be  correct,  on  the  vertical  lines  of  demar- 
kation  and  on  corresponding  points  of  the  retime,  and 
thus  would  be  binocularly  combined  and  seen  as  a  single 
line  lying  along  the  ground  to  infinite  distance.  And 
conversely,  with  the  eyes  parallel  and  the  lines  of  de- 
markation  inclined  1^°  with  the  vertical,  a  rod  lying  on 
the  ground  to  infinite  distance  would  cast  its  images  on 
these  lines,  and  therefore  be  seen  single  throughout. 

There  are  several  curious  questions  which  force  them¬ 
selves  on  our  attention  here  if  Helmholtz’s  view  be  true. 

1.  If  we  suppose  the  two  eyes  to  be  placed  on  the 
other,  so  that  the  real  verti^Wneridians 
coincide,  we  have  alrapfy  seen  that 
Helmholtz’s  apparent  jferti cals  or  lines 
of  demarkation^ffljr  cross  each  other 
like  an  X,  a^iAjfig.  76,  making  with 
each  other  jangle  of  2|°.  How  the 
two  rods^  inches  apart  at  the  height 
of  th^Q^s,  and  meeting  below  at  the 
The  Retinae  superposed.  fe&£S§r  the  rod  lying  along  the  ground 
tion^fri-ht  ^Stance,  Would  OCCUpV  with 

line  of  demarkatioi^f  Tneir  images  only  the  upper  half  of 
,Ien:ye;  Jr  the  X.  But  suppose  the  two  rods,  in¬ 
stead  of^s^^pmg  opposite  the  eyes,  to  continue  upward 
to  the  Is  of  the  field  of  view.  Obviously  this  upper 
hallwould  cast  images  on  the  lower  half  of  the  X,  and 

Sembre  would  be  seen  single  also.  Where  shall  we 
>  16 
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refer  them  ?  Or,  to  express  it  differently,  the  horopter 
with  the  eyes  looking  at  a  distant  horizon,  according  to 
Helmholtz,  is  the  ground  we  stand  on ;  but  this  is  evi¬ 
dently  pictured  on  the  upper  halves  only  of  the  two 
retinae.  Where  is  the  other  half  of  the  horopter  cor¬ 
responding  to  the  lower  halves  of  the  retinae  ? 

2.  Again :  According  to  Helmholtz,  in  looking  at 
a  distance  the  horopter  is  the  ground  we  stand  on,  and 
he  gives  this  as  the  reason  why  distance  along  the 
ground  is  more  clearly  perceived  than  in  other  posi¬ 
tions.*  On  the  contrary,  it  seems  to  me  that  it  would 
have  just  the  reverse  effect.  If  the  horopter  were  the 
ground  we  stand  on,  then  relative  distances  on  the 
ground  could  not  he  perceived  by  binocular  perspec¬ 
tive  at  all ;  for  this  is  wholly  dependent  on  the  exist¬ 
ence  of  double  images,  which  could  not  occur  in  this 
case  by  the  definition  of  the  horopter.  It  would  be 
therefore  only  by  other  forms  of  perspectim  that  we 
could  distinguish  relative  distance  along!  me  ground. 
But  that  we  do  perceive  perspectivtfQyF  the  ground 
binocularly — i.  e.,  by  double  image^Qlis  proved  by  tjie 
fact  that  the  perspective  of  the^Qlaing  ground  is  very 
perfect  in  stereoscopic  pictm-es,  where  the  images  of 
nearer  points  are  necessar^j/^double ;  for  the  camera 
has  no  such  distinction  J0£ween  real  and  apparent  ver¬ 
tically  as  Helmholtz^itnbutes  to  the  eye. 

But  it  is  usel  e£&K)  argue  the  point  any  further,  for 
I  am  quite  siijre  Irnat  the  property  which  Helmholtz 
finds  in  hij$  ^yeis  not  general,  and  therefore  not  nor¬ 
mal.  W^rove  seen  that  in  convergence  the  eyes  ro¬ 
tate  otfj^fcrd,  so  as  to  bring  about  the  very  condition  of 
thin^Nfcemporarily  which  Helmholtz  finds  permanent 
in^is  eyes.  I  have  therefore  thought  it  possible,  or 
*  Op.  cit.,  p.  923. 
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even  probable,  tliat  tlie  same  habits  in  early  life  which, 
by  constant  adapting  of  the  eyes  to. vision  of  near  ob¬ 
jects,  finally  produce  myopy,  may  also,  by  constant 
slight  rotation  of  the  eyes  outward  and  distortion  *  in 
convergence  on  near  objects,  finally  bring  about  a  per¬ 
manent  condition  of  slight  distortion  and  outward  rota¬ 
tion  of  1J°.  Helmholtz  is  slightly  myopic,  f 

However  this  may  be,  I  am  sure  there  is  no  such 
relation  between  real  and  apparent  vertical  meridian  in 
my  eyes  as  that  spoken  of  by  Helmholtz.  All  the  ex¬ 
periments  supposed  to  prove  such  relation  fail  complete¬ 
ly  with  me.  A  vertical  rectangular  cross  appears  rec¬ 
tangular  to  either  eye.  The  lines  of  Helmholtz’s  dia¬ 
gram,  Fig.  75,  when  combined  beyond  the  plane  of  the 
diagram,  either  by  the  naked  eyes  or  by  a  stereoscope, 
do  not  come  together  parallel,  but  with  a  decided  angle, 
viz.,  2£°.  But  when  I  turn  the  diagram  upside  down, 
and  combine  by  squinting,  then  the  vertical  hrfaL  being 
inclined  the  other  way,  us  in  my  diagram,  10^68,  com¬ 
bine  perfectly  by  outward  rotation  of  tli^Q^es.  I  have 
constructed  other  diagrams  with  less  a^0less  inclination 
of  the  verticals,  until  the  inclinaitrA^vas  only  10',  and 
still  I  detected  the  want  of  pai^lMfsm  when  combined 
beyond  the  plane  of  the  diagr©i.  Beyond  this  limit  I 
could  not  detect  it,  but  I  hMjlbve  only  because  the  limit 
of  perception  was  pas^^lbr  when  the  lines  are  made 
perfectly  vertical,  th^vsfcome  together  perfectly  parallel 
and  unite  absolu^Qy.  It  is  certain,  therefore,  that  in 
my  eyes  the  ve^Gjal  line  of  demarkation  coincides  com¬ 
pletely  with  i©} true  vertical  meridian. 

Meis^l&^j  alone,  of  all  writers  with  whom  I  am  ac- 

ipl^rotation  is  not  sufficient,  because  this  would  affect  also  the 
meridian.  f  Op.  at,  p.  914. 

tissner,  “  Physiologie  des  Sehorgans”;  also  “Archives  des  Sci- 
vol.  iii  f  1858V,  p.  160. 
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quainted,  attempts  to  determine  the  horopter  directly  by 
experiment.  According  to  him,  if  a  stretched  thread  he 
held  in  the  median  plane  at  right  angles  to  the  primary 
visual  plane,  about  6  to  8*inches  distant,  and  the  point 
of  sight  be  directed  on  the  middle,  the  thread  will  not 
appear  single,  but  the  two  images  will  cross  each  other 

r\/1 

at  the  point  of  sight  thus —  4  being  the  right- 


eye  image,  and  l  V  the  left-eye  image.  Now,  as  the 
images  are  heteronymous  at  the  upper  end  and  homo¬ 
nymous  at  the  lower  end,  it  is  evident  that  they  will 
unite  at  some  farther  point  above  and  some  nearer  point 
below.  By  inclining  the  thread  in  the  manner  indi¬ 
cated — i.  e.,  by  carrying  the  upper  end  farther  and 
bringing  the  lower  end  nearer— the  two  images  come 
together  more  and  more,  until  at  a  certain  angle  of  in¬ 
clination,  varying  with  the  distance  of  the  jMpJ  of  sight, 
they  unite  perfectly.  The  thread  is  now  (gjtlie  horopter. 

Experiment. — I  find  that  the  bes|v^ay  to  succeed 
with  Meissner’s  experiment  is  ^yfollows:  Hold  a 
stretched  black  thread  paralldH®i  the  surface  of  the 
glass  of  an  open  window,  ajacSwithin  half  an  inch  of 
it.  Now,  with  the  eyes  irCfre  primary  position,  look, 
not  at  the  thread,  but  Jb  some  spot  on  the  glass.  It 
will  be  seen  that  tfi^feuble  images  of  the  thread  are 
not  parallel,  but  ^^ke  a  small  angle  with  each  other, 

thus —  \  /  .  bring  the  low^er  end  nearer  the  ob¬ 


server  veimgradually.  It  will  be  seen  that  the  double 
imag^N^ecome  more  and  more  nearly  parallel,  until 
at  it  obtain  angle  of  inclination  the  parallelism  is  per¬ 
fect.  I  have  made  several  experiments  with  a  view 
<to  measuring  the  angle  of  inclination  for  different  dis- 


THE  HOROPTER. 


225 


tances  of  the  point  of  sight.  I  find  that  for  8  inches 
the  inclination  is  about  7°  or  8° ;  for  4  inches,  about 
8°  or  9°.  It  seems  to  increase  as  the  point  of  sight  is 
nearer.  But  of  this  increase  subsequent  experiments 
make  me  doubtful. 

Meissner’s  results  may  be  summarized  thus : 

1.  With  the  eves  in  the  primary  position  and  the 
point  of  sight  at  infinite  distance,  the  horopter  is  a 
plane  perpendicular  to  the  median  line  of  sight  (plane 
of  Aguilonius). 

2.  For  every  nearer  point  of  sight  in  the  primary 
plane,  the  horopter  is  not  a  surface  at  all,  but  a  line 
inclined  to  the  visual  plane  and  dipping  toward  the 
observer,  the  inclination  increasing  with  the  nearness 
of  the  point  of  sight  or  degree  of  convergence. 

3.  In  turning  the  plane  of  vision  upward ,  the  in¬ 
clination  of  the  lioropteric  line  increases.  In  turning 
the  plane  of  vision  downward ,  the  inclination^  of  the 
lioropteric  line  decreases,  until  it  becomes at  45°, 
and  the  horopteric  line  expands  into  ajpljpne  passing 
through  the  point  of  sight  and  pemeijdicular  to  the 
median  visual  line. 

Furthermore,  Meissner  attribQt^sHhese  results  to  a 
rotation  of  the  eyes  on  the  opti^kr  visual  axes  outward  / 


so  tli^t  tne  vertical  lines  of  demarkation,  C  Z>,  C'  Dr , 
no  longer  coincide  perfectly  with  the  vertical 
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meridians  A  B ,  A'  B',  nor  the  horizontal  lines  of  de- 
markation  G  II,  G'  H'  with  the  horizontal  meridians 
E  F \  Ef  F\  as  they  do  when  the  eyes  are  parallel,  but 
cross  them  at  a  small  angle.  With  eyes  parallel,  the 
images  of  a  vertical  line  will  fall  on  the  vertical  lines  of 
demarkation  (for  these  then  coincide  with  the  vertical 
meridians)  and  be  seen  single.  But  if  the  eyes  rotate 
outward  in  convergence,  then  the  images  of  a  vertical 
line  will  no  longer  fall  on  the  vertical  lines  of  deinar- 
kation,  and  therefore  will  be  seen  double  except  at  the 
point  of  sight.  In  order  that  the  image  of  a  line  shall 
fall  on  the  vertical  lines  of  demarkation  and  be  seen 
single,  with  the  eyes  in  this  rotated  condition,  the  line 
must  not  be  vertical,  but  inclined  with  the  upper  end 
farther  away  and  the  lower  end  nearer  to  the  observer. 
It  is  evident  also  that  under  these  circumstances  the 
horopter  can  not  be  a  surface,  but  is  restrictecLto  a  line . 
This  requires  some  explanation. 

If  the  eyes  be  converged  on  a  vertical@ne,  and  then 
rotated  on  their  optic  axes,  as  we  ha£Vseen,  the  line 
will  be  doubled  except  at  the  pMgtf  of  sight.  This 
doubling  is  the  result  of  Aor^(/T?&i(displacement  of  the 
two  images  in  opposite  direc&ofrs  at  the  two  ends — the 
upper  ends  heteronymousl^the  lower  ends  homony- 
mously.  Now,  since  he^fibnymous  images  unite  by  car¬ 
rying  the  object  fai;(hw^Xvay  and  homonymous  images 
by  bringing  it  nearest  is  evident  that  if  the  line  be  in¬ 
clined  by  carry^jgjtne  upper  end  farther  and  bringing  the 
lower  end  ne^er,  the  two  images  will  unite  completely, 
and  thus  1  a  horopteric  line.  But  all  points  to  the 
right>  of  this  horopteric  line  will  also  double  by 

of  the  eyes;  but  this  doubling  is  by  vertical 
cement,  as  shown  in  Fig.  77.  Now  doubling  by 
al  displacement  can  not  be  remedied  by  increasing 
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Fig.  78. 


or  decreasing  distance,  because  the  eyes  are  sepa/rated 
horizontally .  It  is  therefore  irremediable.  Hence  no 
form  of  surface  can  satisfy  the  conditions  of  single 
vision  right  and  left  of  the  horopteric  line.  Hence, 
also,  the  restriction  of  the  horopter  to  a  line,  and  the 
inclination  of  that  line  on  the  plane  of  vision,  are  neces¬ 
sary  consequences  of  the  rotation  of  the  eyes  on  their 
visual  axes.  This  rotation  I  have  already  proved  in 
the  most  conclusive  manner  by  experiments  detailed  in 
the  last  chapter. 

It  will  be  seen  by  reference  to  the  preceding  chapter 
that  my  results  coincide  perfectly  with  those  of  Meiss¬ 
ner,  although  I  was  ignorant  of  Meissner’s  researches 
wThen  I  commenced  my  experiments  many  years  ago 
(1867).  The  end  in  view  in  the 
two  cases,  and  also  the  methods 
used,  were  different.  Meissner  was 
investigating  the  questiooAof  the 
horopter,  and  outward^S&tation  of 
the  eyes  was  the  lo|^v?H  inference 
from  the  positiqn^f  the  horopter 
discovered  b y-JtHpT  I  was  investi¬ 
gating  theHa^l  of  convergent  mo¬ 
tion,  and  0b  nature  of  the  horopter 
was  a  laical  consequence  of  the  out¬ 
ward'  rotation  which  I  discovered, 
mer’s  method  is,  however,  far 
is  refined  and  exact  than  mine. 

I  have  also  proved  the  inclina¬ 
tion  of  the  horopteric  line  by  direct 
-  experiments  by  my  method. 
Exp^timient  1 . — If  two  lines,  one  black  on  white 
,r\d^the  other  white  on  black,  be  drawn  with  an 
linmio 


•A 


$ 


fion  of  1^°  with  the  vertical,  and 


m- 

therefore  2-£° 
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with  each  other,  and  the  eyes  he  brought  so  near  to  any 
points  a  a,  Fig.  78  (taking  care  that  the  visual  plane 
shall  be  perpendicular  to  the  plane  of  the  diagram), 
that  these  shall  unite  beyond  the  plane  of  the  diagram 
at  the  distance  of  7  inches,  the  two  lines  wiil  coincide 
perfectly.  If  then  the  diagram  be  turned  upside  down, 
and  the  lines  be  again  united  by  squintmg — the  dia¬ 
gram  being  in  this  case  a  little  farther  off,  so  that  the 
point  of  sight  shall  again  be  7  inches — the  coincidence 
of  the  lines  will  be  again  perfect.  Fig.  79 — in  which 
H  and  L  represent  the  right  and  left  eyes  respectively, 


Fig.  79. 


positions,  and  A  the  poinW>f  sight — will  explain  how 
the  combination  takes^^ce.  The  line  HA  II  is  the 
horopteric  line. 

This  expernqenOs  difficult  to  make,  but  I  am  quite 
confident  of  ^t|ieN4liability  of  the  results  reached.  I 
made  manyiSspferiments  with  different  degrees  of  in- 
clinatioi^^vfhe  lines  a  1  /,  a'  //,  and  therefore  with 
differeft^&egrees  of  convergence,  and  many  calculations 
based  on  these  experiments,  to  determine  the  inclination 
noropteric  line  for  different  degrees  of  conver- 
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gence.  But  the  experiments  are  so  difficult  that,  while 
in  every  case  the  inclination  of  the  horopteric  line  was 
proved,  the  exact  angle  could  not  be  made  out  with 
certainty.  It  seemed  to  me  about  7°  for  all  degrees  of 
convergence,  and  therefore  for  all  distances.  It  cer¬ 
tainly  does  not  seem  to  increase  with  the  degree  of  con¬ 
vergence,  as  maintained  by  Meissner. 

Experiment  #. — I  next  adopted  another  and  1  think 
a  better  method.  I  used  a  plane  and  diagram  covered 
with  true  verticals  only,  as  in  Fig.  80.  I  placed  this, 


Fig.  80. 


6  CD  6  <p 


instead  of  vertical  as  in  prevflys  experiments,  inclined 


I  found  that^wiien  the  plane  is  inclined  7°  all  the  lines, 
even  the^MJmest  apart — viz.,  30  inches— came  together 
perfecfl^^arallel.  I  then  tried  the  plane  inclined  8°  ; 
thejfwfal] elism  was  still  complete  for  all  degrees  of  con- 
ence.  But  when  the  plane  was  inclined  9°,  the  in- 


230  DISPUTED  POINTS  IN  BINOCULAR  VISION. 


clination  of  the  lines  in  coming  together  successively 
was  distinctly  perceptible.  I  am  sure,  therefore,  that 
the  true  inclination  is  about  7°  or  8°. 

Such  are  the  phenomena ;  now  for  the  interpretation. 
It  will  be  observed  that  when  the  plane  represented  by 
the  diagram  Fig.  80  is  inclined  to  the  visual  plane,  all 
the  vertical  lines  converge  by  perspective ;  the  conver¬ 
gence  increasing  with  the  distance  from  the  central  line, 
as  in  Fig.  81,  which  represents  such  an  inclined  plane 
referred  to  a  plane  perpendicular  to  the  visual  plane. 


Fig.  81. 


<3 


By  calculation  and  careful  ]^rting,  I  find  that  at  the 
distance  of  15  inches  the  (gpnvergence  of  the  first  two 
lines,  6  inches  apart.  /4op)a  plane  inclined  8°,  is  each 
about  1°  31',  or  to  other  3°  2' ;  of  the  second  pair, 
12  inches  apart,  each,  or  6°  6'  to  each  other ;  of  the 
third  pair,  13  Riches  apart,  4°  35'  each,  or  9°  10'  to  each 
other;  of  mi  ourth  pair,  24  inches  apart,  6°  7'  each,  or 
12°  14^idOkch  other ;  of  the  fifth  pair,  30  inches  apart, 
7°  40N^h,  or  15°  20'  to  each  other.  Therefore,  an  in¬ 
creasing  rotation  of  the  eyes  outward  is  necessary  to 
bring  these  together  parallel.  The  distance  of  the  point 
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of  sight  measured  from  the  line  joining  the  optic  centers 
varied  from  4^  inches  in  the  first  to  If  inch  in  the  last 
case  ;  but  the  inclination  of  the  horopteric  line  was  the 
same  in  every  case.  This  is  probably  the  most  accurate 
means  of  determining  by  direct  experiment  both  the 
horopter  and  the  degree  of  rotation  of  the  eyes  for 
every  degree  of  convergence  of  the  optic  axes. 

Experiment  3. — I  next  tried  the  same  experiment 
with  the  visual  plane  depressed  45°,  but  yet  perfectly 
horizontal — i.  e.,  with  the  chin  lifted.  In  this  position, 
on  combining  the  vertical  lines,  I  find  that  they  retain 
perfectly  their  natural  perspective  convergence.  On 
decreasing  the  inclination  of  the  diagram  the  perspec¬ 
tive  convergence  becomes  less  and  less,  until  when  the 
plane  of  the  diagram  is  vertical  the  lines  come  together 
again  parallel  for  all  degrees  of  convergence,  as  already 
found  in  the  previous  experiment.  I  conclude  there¬ 
fore  that  in  turning  the  visual  plane  downwaiA  the  in¬ 
clination  of  the  horopteric  line  becomes  and  less, 
until  when  the  visual  plane  is  depressed^!0  it  becomes 
perpendicular  to  that  plane,  and  at  th^prie  time  expands 
to  a  surface ,  but  not  to  a  plane  asJ^issner  supposes. 

In  turning  the  visual  plan&upasferd,  I  find,  especially 
for  high  degrees  of  converra^ce,  that  I  must  incline 
the  plane  of  the  diagrain^re  than  8°  (viz.,  about  10°) 
in  order  that  the  lines  shall  come  together  parallel. 
From  this  I  conclude ^vnigher  degree  of  rotation  of  the 
eyes  and  a  highe^mclination  of  the  horopteric  line. 

The  poinfs^jji  which  I  do  not  confirm  Meissner  are  : 
1.  The  incr^ft^ig  inclination  of  the  horopteric  line  with 
increasm&jOfearness  of  the  point  of  sight.  I  make  it 
constam^  2.  I  think  it  probable  also  that  Meissner  is 
wm^g|  in  supposing  that  the  horopter,  when  the  visual 
*  lane  is  depressed  45°,  is  a  plane.  It  is  certainly  a  sur- 
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face,  but  not  a  plane ;  for  it  is  geometrically  clear  that 
points  in  a  perpendicular  plane  to  the  right  or  left  of 
the  point  of  sight  can  not  fall  on  corresponding  points 
of  the  two  retinae  (page  117).  The  horopter  in  this  case 
is  evidently  a  curved  surface.  I  do  not  undertake  to 
determine  its  nature  by  mathematical  calculation,  and 
the  experimental  investigation  is  unsatisfactory  for  the 
reason  already  given,  viz.,  the  extreme  indistinctness  of 
perception  of  points  situated  any  considerable  distance 
from  the  point  of  sight  in  any  direction. 

In  regard  to  the  horopter  I  consider  the  following 
points  to  be  well  established  :  * 

1.  As  a  necessary  consequence  of  the  outward  rota¬ 
tion  of  the  eyes  in  convergence,  for  all  distances  in  the 
primary  visual  plane  the  horopter  is  a  line  inclined  to 
the  visual  plane,  the  lower  end  nearer  the  observer. 
But  whether  the  inclination  is  constant,  or  increases  or 
decreases  with  distance.  I  have  not  been  abtes^p  deter¬ 
mine  with  certainty.  It  is  probably  consl^V 

2.  In  depressing  the  visual  plane,  tl^Qkiclination  of 
the  horopteric  line  becomes  less  awjQuss,  until  when 
the  visual  plane  is  inclined  45°  k&kQi the  primary  posi¬ 
tion  the  horopteric  line  becomeV-perpendicular  to  the 
visual  plane,  and  at  the  sam^fjhne  expands  into  a  sur¬ 
face.  The  exact  nature  ofgjhat  surface  I  have  not  at¬ 
tempted  to  investigatep&jj)  reasons  already  explained ; 
but  it  is  evidently  aJft^rved  surface. 

3.  In  elevatfiqr^tlie  visual  plane,  especially  with 
strong  conveyggjice,  the  inclination  of  the  horopteric 
line  increasq^ 

Fin&HjVthe  question  naturally  occurs  :  Of  what  ad- 
vanta;  this  outward  rotation  of  the  eyes,  and  the 

>fl"xe|haps  I  ought  to  say  in  my  own  case  and  in  those  of  several 
^jerpersons  with  normal  eyes. 
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consequent  limitation  of  the  horopter  to  a  line  ?  Or  is 
it  not  rather  a  defect  ?  Should  the  law  of  Listing  he 
regarded  as  the  ideal  of  ocular  motion  under  all  circum¬ 
stances,  and  should  the  departure  from  this  law  in  the 
case  of  convergence  be  regarded  as  abnormal  ?  Or  is 
there  some  useful  purpose  subserved  by  the  rotation  of 
the  eyes  on  their  optic  axes  ?  I  feel  quite  sure  that 
there  is  a  useful  purpose  subserved  ;  for  there  are  spe¬ 
cial  muscles  adapted  to  produce  this  rotation,  and  the 
action  of  these  muscles  is  consensual  with  the  adjust¬ 
ments,  axial  and  focal,  and  with  the  contraction  of  the 
pupil.  This  purpose  I  explain  as  follows  : 

A  general  view  of  objects  in  a  wide  field  is  a  neces¬ 
sary  condition  of  animal  life  in  its  higher  phases  ;  but 
an  equal  distinctness  of  all  objects  in  this  field  would 
be  fatal  to  that  thoughtful  attention  which  is  necessary 
to  the  development  of  the  higher  faculties  of  the  human 
mind.  Therefore  the  human  eye  is  so  constd^eted  and 
moved  as  to  restrict  as  much  as  possible  t&e^conditions 
both  of  distinct  vision  and  of  single  vijion.  Thus,  as 


of  single 
e  elabo^0stn 
to  the 
stricts  i 
so  also 


in  monocular  vision  the  more  elabora©  structure  of  the 
central  spot  restricts  distin  to  the  visual  line, 

and  focal  adjustment  still  f  stricts  it  to  a  single 


point  in  that  line,  the  point  <3  30  also  in  binocular 

vision  axial  adjustment  relicts  single  vision  to  the  ho¬ 


ropter,  while  rotation^W  the  optic  axes  restricts  the 


CHAPTER  III. 


ON  SOME  PECULIARITIES  OF  PHANTOM  PLANES. 


We  have  already  shown  how  the  figures  of  a  regu¬ 
larly  figured  plane,  like  a  tessellated  pavement  or  a 
regularly  patterned  carpet  or  papered  wall,  may  he 
combined  either  by  crossing  the  eyes  or  (if  the  figures 
be  not  too  large)  by  looking  beyond  the  plane  of  the 
figures,  as  in  the  stereoscope,  so  as  to  make  phantoms, 
which  are  nearer  or  farther  oflE,  and  the  figures  smaller 
or  larger  than  reality,  according  to  the  degree  »f  ocular 
convergence,  and  therefore  the  apparent  VQpmnce  of 
the  phantom.  In  Fig.  48,  page  134,  w^have  repre¬ 
sented  these  phantoms  as  planes  pamHbl  to  the  real 
plane  •  but  if  closely  observed  th^  are  seen  to  be 
neither  perfect  planes  nor  parallel  to  the  real  plane. 
The  phenomena  now  about  tufhe  described  have,  some 
of  them,  not  been  heretofore  noticed,  and  none  of 
them  have  been  satisfactory  explained. 


1.  The  Phan^p^ 


1 lane  not  parallel  to  the  Peal 
Plane . 


Experiment  i. — I  sit  in  a  chair  in  the  middle  of  a 
tessellatedrtfoor  and  direct  the  eyes  on  the  floor  at  an 
angle  Ry  ocular  convergence  I  now  combine 

successively  the  figures  of  the  floor,  stopping  a  little  at 
each)  combination  until  the  phantom  image  clears. 
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These  phantom  floors  are  distinctly  perceived  to  be 
not  horizontal,  as  they  ought  to  be  by  geometric  con¬ 
struction,  but  inclined,  dipping  away  from  the  observer 
at  higher  and  higher  angle,  as  by  greater  convergence 
the  phantom  floor  comes  nearer  and  nearer.  I  am  sure 
that  by  extreme  convergence  I  can  make  the  phantom 
slope  at  an  angle  of  30°-40°. 

In  addition  to  the  slope  of  the  plane,  and  closely 
connected  therewith,  another  phenomenon  is  perceived. 
The  figures  change  their  shape,  becoming  elongated  in 
the  direction  of  the  slope  and  in  proportion  to  the  angle 
of  the  slope.  If,  for  example,  the  figures  are  regular 
squares,  looked  at  in  the  direction  of  their  diagonals 
they  become  greatly  elongated  rhombs,  or  if  circles 
they  become  long  ellipses. 

Explanation .  Principles . — We  have  already  seen 
(pages  140  and  141)  that  a  slender  rod  held  horizontally 
in  the  median  plane,  but  a  little  below  the  horizontal 
plane  passing  through  the  two  eyes  and  lootel  at  with 


both  eyes,  is  seen  thus —  \J  ,  or  thus —  thus — 

according  as  we  look  at  the  neap  6<$d  or  the  farther 
end  or  the  middle  point.  In  ImsJcake — i.  e.,  when  the 
rod  is  horizontal — the  angle  /between  the  two  images 
is  small.  Q, 

If  now  the  nearer  en AJi  the  rod  be  lifted  so  as  to 
bring  it  nearly  in  competence  with  the  plane  of  sight, 
the  angle  betweei/~the  images  will  become  greater,  but 
the  vertical  lerj^tli  of  the  projection  less,  until  when 
the  rod  is  in  plane  of  sight,  the  angle  becomes  180° 
and  the  tw<Qhnages  are  in  the  same  horizontal  straight 
line.  O^vfeourse,  to  the  binocular  observer  it  does  not 
seemdike  a  horizontal  straight  line,  because  he  intro¬ 
ducer  the  element  of  depth  of  space  by  binocular  per- 


236  DISPUTED  POINT rS  IN  BINOCULAR  VISION. 


spective.  To  him  it  would  look  like  a  V  or  an  X 
looked  at  end  on . 

Application  of  Principles  in  Explanation  of  the 
Slope . — The  figures  of  a  tessellated  plane  of  course 
lie  in  parallel  lines.  We  will  suppose  these  lines  to  run 
from  the  observer.  By  geometric  or  monocular  per¬ 
spective  such  lines  converge  to  a  vanishing  point  on  the 
horizon.  Leaving  out  the  figures  of  the  pattern,  Fig. 
82  represents  the  projection  of  such  parallels  as  seen 
with  one  eye.  As  seen  with  two  eyes,  of  course,  there 
are  two  images  of  all  these  lines  crossing  one  another  at 
small  angle,  as  shown  above.  Let  us  fix  the  mind  on  the 


Fig.  82. 


O' 


middle  one,  ay  alone.  Tigjaatural  vision  its  two  images 
would  cross  at  small  ai|g|Se  at  the  point  of  sight.  But 
in  making  the  phantom  plane,  b  b  or  c  c  or  d  d  or  e  e, 
etc.,  are  brougl^ together  in  the  middle,  combined  and 
viewed  as  tbqqjipiddle  line.  But  it  is  evident  that  the 
angle  of  j$3rspective  convergence,  and  therefore  the 
angle  o&^bssing  one  another  when  they  come  together, 
is  gre&Jei*  and  greater,  as  by  greater  convergence  they 
arc  brought  from  greater  distance  right  and  left.  In 
&  ier  words,  the  perspective  angle  is  added  to  the  binoc- 


\  v 
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ular  angle  and  all  is  credited  to  the  binocular  angle ,  be 
cause  viewed  as  a  middle  line  which  ought  not  to  have 


any  'perspective  angle  at  all .  But  we  have  already  seen 
that  the  crossing  of  binocnlar  images  of  lines  at  higher 
angle  means  a  nearer  approach  to  the  plane  of  sight 
— a  looking  more  end  on.  In  other  words,  it  means  a 
lifting  of  the  nearer  end  of  the  plane.  Therefore  as 
more  and  more  separated  lines  of  figures,  b  b,  c  c,  d  d, 
e  e,  etc.,  are  brought  forward  and  united  in  front,  and 
the  angle  of  crossing  of  the  lines  becomes  greater,  the 
slope  of  the  phantom  plane  becomes  greater,  until,  if 
we  could  bring  together  lines  from  an  infinite  distance, 
the  phantom  plane  would  coincide  with  the  plane  of 
sight — i.  e.,  would  slope  45°. 

Elongation  of  the  Figures. — This  follows  as  an  ob¬ 
vious  and  necessary  consequence  of  the  slope.  For  since 
the  angle  subtended  by  the  plane  at  the  eye,  or  the 
retinal  image,  remains  the  same,  the  length  of  tbte  plane 
and  all  its  figures  must  seem  greater  in  p^pbrtion  to 
the  degree  of  slope,  precisely  as  shadows  i^Ton  a  plane 
are  longer  in  proportion  as  the  ang^e  the  light  to 
the  plane  becomes  less.  /SQ 

Experiment  2. — In  experimemmg  with  the  floor, 
the  observer’s  body  prevents  vising  the  phantom  in  the 
contrary  direction.  Therefi03  we  take  next  a  vertical 
wall,  such  as  a  regularlWjp^terned  wall-papering  or  a 
coarse  wire-netting.  Tfre  windows  of  the  basement  of 
one  of  the  univqfsily  buildings  are  protected  by  a 
coarse  wire-nqfigug  with  lozenge-shaped  meshes  about 
2J  inches  iqQttfieir  shorter  or  horizontal  diameter. 
Standing^bM^re  this  and  combining  by  extreme  con- 
vergence^ph  looking  upward  the  phantom  slopes  away 
upward  ;  looking  downward,  it  slopes  away  downward. 

eping  the  plane  of  sight  upward  and  down- 
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ward  alternately  tlie  phantom  plane  seems  to  dip  away 
up  and  down  from  an  anticline,  or  arch.  The  explana¬ 
tion  of  this  is,  of  course,  the  same  as  that  already  given 
in  the  case  of  the  floor. 

By  careful  experiment  it  is  found  that  the  top 
of  the  arch  is  not  on  a  level  with  the  eyes,  but  a 
little  above ,  making  with  the  horizontal  an  angle  of 
about  7°.  This  is  the  result  of  the  rotation  of  the 
eyes  on  the  visual  axes  in  convergence,  already  dem¬ 
onstrated  on  pages  199-212,  and  is  a  beautiful  proof 
of  such  rotation. 


2.  Tlie  Phantom  not  a  Plane . 

Experiment  3. — Instead  of  looking  obliquely  on  the 
experimental  plane  we  next  look  perpendicularly  on  it, 
or,  more  accurately,  7°  inclined  upward.  By  extreme 
convergence  in  this  position  the  phantom  plane  is  seen 
to  slope  away  on  either  side  so  as  to  fqrtft^,  sort  of 
saddle.  Similarly,  on  looking  upward  fl^down ward, 
the  sloping  plane  is  not  a  perfect  plajfQfbut  bulged  a 
little  along  the  middle  line.  Swiping  the  point  of 
sight  about  in  all  directions,  aH^Qbse  effects  are  com¬ 
bined  and  the  phantom  surfaj^eVopes  away  in  all  direc¬ 
tions,  forming  a  mound.  Q 

Explanation  of  the  TQfynsverse  Arching. — It  will  be 
remembered  that  impassions  on  non-corresponding 
points  produce  dopl^fe  images ;  moreover,  that  when  the 
non-corresponding  points  are  nearer  together  than  cor¬ 
responding^  joints  or  central  spots,  the  double  images 
are  homoi(^hous,  and  when  farther  apart  than  central 
spots  are  heteronymous;  and  still  further,  that 

homon^mously  double  images  mean  that  the  object 
which  produces  them  is  farther  away  than  the  point  of 
lit,  while  lieteronymously  double  images  indicate 
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that  the  object  producing  them  is  nearer  than  the  point 
of  sight.  We  are  now  prepared  to  explain. 

In  the  diagram  (Fig.  83)  P  P  is  the  experimental 
plane,  R  and  L  represent  a  portion  of  the  retinge  of  the 
two  eyes,  of  which  n  n'  are  the  nodal  points.  The  eyes  are 
supposed  by  convergence  to  be  fixed  on  the  points  b  //, 
which  impressing  corresponding  points — viz.,  central 


Fig.  83. 


Diagram  showing  the  Cause  oi 
Pha: 


ijE  Transverse  Arching  of  the 
’lane. 


spot  b  V — will  be  and  seen  single  at  point  of 

sight,  B .  At  th/syme  time  the  points  a  a '  and  e  c'  of 
the  plane  wouJ(Wlso  combine  by  geometric  construction 
and  be  seen  alyl  and  (7,  as  a  phantom  plane  parallel  to 
the  expeririShital  plane.  Such  would  be  the  case  by  geo¬ 
metric  construction  and  by  the  law  of  direction .  And 
sudi^ould  be  the  case  also  by  the  law  of  corresponding 
j^jnts  if  the  retinae  were  planes  parallel  to  the  experi- 
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mental  planes.  But  the  retinae  are  concaves  at  right 
angles  to  the  lines  of  sight  b  n  b,b'  n '  V.  It  is  evi¬ 
dent,  therefore,  that,  taking  the  retinal  points  b'  b 
(central  spots)  as  corresponding  points,  a  a  and  c  e  are 
not  exactly  corresponding  points.  They  are  nearer 
together  than  corresponding  points,  and  therefore  the 
objects  which  produced  them  will  seem  farther  off  than 
the  point  of  sight.  Therefore  in  the  phantom  surface 
the  point  A  on  one  side  and  G  on  the  other  will 
seem  farther  off  than  the  middle  point,  B — i.e.,  the 
plane  will  be  arched  from  side  to  side,  as  shown  by  the 
dotted  line. 

The  law  of  direction  would  make  the  phantom  a 
plane,  but  the  law  of  corresponding  points  would  make 
it  curved.  Therefore,  when  these  two  laws  are  in  con¬ 
flict  the  law  of  corresponding  points  prevails.  We  will 
see  other  proofs  of  this  hereafter  (page  293).  . 

It  is  seen  that  the  convexity  of  the^p^tom  in 
the  last  experiment  is  due  to  the  extnm^  obliquity  in 
opposite  directions  of  the  visual  lin^sto  the  experi¬ 
mental  plane,  and  this  can  not  b&^rought  about  ex¬ 
cept  by  extreme  convergencefy^t  Prof.  Le  Conte 
Stevens  *  has  made  the  in^lqious  suggestion  that  the 
same  obliquity  to  the  two  visual  lines  and  in  oppo¬ 
site  directions  may  be  eagiJy  effected,  and  the  same  re¬ 
sult  in  the  phantom^Muced  by  dividing  the  experi¬ 
mental  plane  atoirf^the  middle  and  bending  the  two 
halves  in  oppose  directions.  This  method  has  the 
great  advatt^jge  of  allowing  combination  beyond  the 
plane  ofV&l  object  also.  But  although  the  result  is 
simil  a  curved  phantom,  yet  the  phenomena 

andvtlre  explanation  are  different,  as  we  now  proceed 


Philosophical  Magazine,  May,  1882,  p.  314. 


ON  SOME  PECULIARITIES  OF  PHANTOM  PLANES.  241 


Experiment  — In  the  diagram  Fig.  84  a  e  ar  e'  are 
the  regularly  figured  experimental  planes  inclined  to  each 
about  90°.  R  and  L  are  the  positions  of  the  two  eyes. 
If  now  the  right  eye  be  directed  on  the  middle  point,  <?, 
of  the  right  plane,  and  the  left  on  the  ^middle  point,  c\ 
of  the  left  plane,  these  will  combine  and  be  seen  single 
at  G.  At  the  same  time,  Fig  M 

by  geometric  construction , 
all  the  other  figures  of  the 
two  planes  will  be  seen  as 
A ,  B ,  D ,  E \  showing  a 
strongly  convexly  curved 
phantom,  A ,  />,  09  D,  E \ 

If,  on  the  contrary,  the  fig¬ 
ures  cc'  be  combined  by 
convergence ,  a  concave  sur¬ 
face  is  developed  by  geo¬ 
metric  construction.  It  is 
evident,  however,  as  al¬ 
ready  said,  that  the  ex¬ 
planation  in  this  case  is  at 
least  partly  different,  for 
the  curvature  of  the  phan¬ 
tom  is  brought  out  by  geo¬ 
metric  construction  alone^ 
although  it  is  probably^  * 
creased  by  the  prop* 
corresponding  pcfihf 

Experiment'll.  —  We 
are  indebted^wTProf.  Ste¬ 
vens*  frtfCihe  discovery 
and  e^^anation  of  another  very  striking  and  beautiful 
pl^okienon. 

X  ^  *  Philosophical  Magazine,  May,  1882,  p.  215. 


Diagram  showing  Explanation  of 
Prof.  Stevens’s  Phenomenon. 
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Let  a  similar  series  of  concentric  circles  be  drawn 
on  the  two  halves  of  a  stereoscopic  card ,  partly  cut 
through  along  the  middle  line,  so  that  the  card  may  he 
bent  either  way  at  any  angle.  I  have  placed  the  two 
series  of  concentric  circles  on  opposite  pages  of  the 


Fig.  85. 


Now  if,  lyii^^at,  the  circles  be  combined  by  converg¬ 
ence  witf  i  CEfc  naked  eye,  or  without  convergence  with 
the  ste^^cope,  the  combined  phantom  is  sensibly  flat. 


ButdfSihe  card  be  bent  along  the  middle  line  toward 
fcl0Qbserver  (book  partly  closed)  so  as  to  make  an 
^yigle  of  90°  or  less  with  one  another,  and  then  the  cir- 
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cles  be  combined  by  convergence,  the  phantom  becomes 
a  most  beautiful  elliptic  concave  or  elliptic  saucer.  By 
varying  the  angle  between  the  two  planes,  it  is  seen 
that  both  the  ellipticity  and  the  concavity  increases  as 
the  angle  is  less.  For  best  effect  the  line  of  intersec- 

Fig.  85. 
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beautiful  convex  ellipse ,  or  elliptic  saucer  viewed  from 
the  under  side.  Of  course  these  effects  are  exactly 
reversed  if  the  combination  is  made  beyond  the  object, 
either  by  the  naked  eyes  or  by-  means  of  a  stereo¬ 
scope. 

Explanation . — It  is  evident  that  the  projections ,  or, 
what  amounts  to  the  same  thing,  the  retinal  images,  of 
the  circles  viewed  at  short  distance  and  at  high  inclina¬ 
tion  will  not  be  perfectly  concentric  ellipses.  The 
spaces  between  the  lines  on  the  nearer  or  outer  edges 
will  be  greater  because  nearer,  and  will  gradually 


Fig.  8G. 


\d 


diminish  to  the  farther  or  inTrcV  edges.  The  inner 
ellipses  will  all  be  a  little  eccentric  toward  the  lower 


or  inner  sides.  The  cen©I  dots  of  the  innermost 
ellipses  will  be  each  the  inner  edges,  and  there¬ 
fore  nearer  togeth^  the  centers  of  the  outer 

ellipses.  Now,  by^eference  to  Figs.  52  and  56,  pages 
148  and  152,  it  will  be  seen  that  these  are  exactly  the 
conditions  a  concave  phantom  by  conver- 


each 


>gethe 
,  bWtfe 
;@T  be 


gence  and  ©Convex  one  by  use  of  stereoscope.  In  Fig. 
86  (ta^Mvirom  Stevens)  we  give  a  simplified  representa¬ 
tion.  the  appearance  of  concentric  circles  viewed 
©W|%iely  at  short  distance.  If  these  be  united  by  con- 


is  seen  to  be  deeply  concave — 
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far  too  deeply,  because  the  eccentricity  is  greatly  exag¬ 
gerated.  This  is  a  complete  explanation  of  the  concav¬ 
ity /rom  side  to  side . 

Experiment  6 . — But  to  complete  the  explanation, 
especially  of  the  fore  and  aft  curvature  of  the  phan¬ 
tom  saucer,  one  more  experiment  is  necessary. 

It  will  be  observed  in  the  last  experiment  (5)  that 
with  the  cards  (Fig.  85)  in  the  normal  position  the 
phantom  saucer  lies  level,  with  only  its  lowest  point 
touching  the  line  ab .  If  now  we  tip  the  cards  one 
way  or  the  other  so  as  to  make  them  inclined  to  the 
visual  plane,  but  without  altering  their  mutual  relation, 
the  phantom  saucer  is  seen  to  tip  in  the  contrary  way 
and  to  a  much  greater  degree .  Thus,  when  the  lower 
side  of  the  cards  is  lifted  up  the  corresponding  edge  of 
the  saucer  goes  down ,  first  to,  and  then  below  the  line 
a  b,  more  and  more,  until  when  the  cards  are  tipped  25° 
to  30°  the  line  a  b  pierces  the  center  of  the  saucer  at 
right  angles.  At  the  same  time,  the  lines E,  F \ 
which  in  the  normal  position  are  coinra^pnt,  are  seen 
to  cross  one  another  at  the  center  oWSke  saucer  at  an 
angle  of  25°  to  30°.  If  the  cards  flipped  in  the  other 
direction — i.  e.,  the  upper  end  .105  bed — then  the  lower 
edge  of  the  saucer  is  liftedvvorrespondingly,  but  in 
much  greater  degree,  un^  it  again  becomes  at  right 
angles  to  the  line  a  b.  truly  wonderful  how  sensi¬ 

tive  the  phantom  is  'fcbs^ovements  of  the  planes.  Such 
are  the  facts.  ftfow4rie  explanation. 

Explanati(m^W hen  the  planes  are  in  the  normal 
position,  tlie^baltjor  axes  of  the  uncombined  ellipses  are 
nearly  veflfcal  to  the  visual  plane — they  are  really 
sliglith^Rrved  (see  Fig.  86) — but  as  soon  as  the  planes 
arojtlpped  so  as  to  be  inclined  to  the  visual  plane 
major  axes  become  inclined  to  the  vertical  lines 
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a  5,  a  b  in  opposite  directions,  so  tliat  their  upper  ends 
are  farther  apart  than  their  lower  ends.  In  combining 
them  by  convergence  it  will  require  more  convergence 
to  combine  the  upper  ends,  and  this  end  will  therefore, 
in  the  resulting  phantom,  seem  nearer  than  the  lower 
end.  Fig.  87  is  a  simplified  representation  of  the  posi¬ 
tion  of  the  two  ellipses.  If  these  be  combined  by  con¬ 
vergence  it  is  seen  at  once  that  the  resulting  phantom 


Fig.  87. 


Diagram  to  show  the  Cause  op  the 


Aft  Curvature. 


is  strongly  inclined  with  thi 


>er  edge  nearer,  and 


that  the  line  a  b  pierces  it(j?^the  center  almost,  if  not 
quite,  at  right  angles.  ruing  again  to  the  phantom 
saucer  of  experimenb^f^Jf  we  push  the  inclination  of 
the  inclination  of  the  long  axes 
?s  too  great  to  combine  readily. 


pi#®£cTby  a  too  obvious  doubling  of  the 


£  (the  two  ellipses ;  but  the  cause  of  the  phe- 
Qf  the  tipping  of  the  saucer — viz.,  the  inclina- 
Le  two  ellipses — becomes  at  once  evident. 


we  return  to  the  fifth  experiment,  it  becomes 


bnt  that  the  true  cause  of  the  fore  and  aft  concavity 


o 
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Fig.  88. 


a 


of  the  phantom  saucer  is  to  be  found  in  this  last  experi¬ 
ment.  The  slightest  inclination  of  the 
visual  plane  to  the  phantom  plane  causes 
a  tipping  in  a  contrary  sense  of  the  fig¬ 
ures  on  the  plane  and  to  a  much  greater 
degree.  Now  the  visual  plane  is  at  right 
angles  only  at  the  center  of  the  saucer  and 
is  inclined  in  opposite  directions  above 
and  below.  Therefore  the  saucer  is  lifted 
both  above  and  below,  and  is  therefore 
concave  fore  and  aft.  This  is  implied  in 
the  figure  of  Prof.  Stevens  (Fig.  86)  espe¬ 
cially  in  the  curved  lines  A  C B,  A'  C’  jB\ 
but  is  not  explicitly  stated  in  his  paper. 

The  two  smaller  circles  above  and  below 
are  of  course  inclined  in  opposite  direc¬ 
tions,  and  have  been  added  only  to  make 
this  clear.  The  position  of  all  the  circles  ^XularCom- 
in  the  phantom  when  viewed  in  the  nor-  (tStio.  TION  OF 
mal  position,  as  in  experiment  5,  is  showa^p  IG‘ 
in  section  in  Fig.  88.  The  line  a  b  t^rjpkes  the  middle 
ligure  and  pierces  the  other  two.^Q^ 


i 


CHAPTER  IV. 


ON  SOME  FUNDAMENTAL  PHENOMENA  OF  BINOCULAR 
VISION  USUALLY  OVERLOOKED ,  AND  ON  A  NEW 
MODE  OF  DIAGRAMMATIC  REPRESENTATION  FOUND¬ 
ED  TIIEREON .* 

In  all  that  I  have  said  thus  far,  I  have  made  use  of 
the  ordinary  mode  of  representing  binocular  visual  phe¬ 
nomena.  I  have  done  so  because  I  could  thus  make 
Fig.  89.  myself  more  easily  understood.  But 
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piaineu^  ana  c_  will  be  both  seen 
dowTO— the  former  heteronymous- 
^Me  latter  homonymously.  It 
[will  be  observed  that  in  the  dia¬ 
gram  the  double  images  of  both 


a  and  c_  ar^feferred  to  the  plane  of  sight  P  P.  Now 
every  oiwQmo  has  ever  tried  the  experiment  knows 
that  i&raouble  images  are  not  thus  referred  in  natural 

*  mlSs  new  mode  was  proposed  by  me  in  1870.— Am.  Jour.,  vol.  i,  p. 
1.  Some  years  afterward  I  learned  that  something  of  the  same 
id  been  previously  proposed  by  Hering. 
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vision ;  but,  on  the  contrary,  they  are  seen  at  their  real 
distance,  though  not  in  their  natural  position.  Indeed, 
it  is  only  by  virtue  of  this  fact  that  we  have  perception 
of  binocular  perspective.  The  diagram  therefore,  al¬ 
though  it  truly  represents  the  parallactic  position  of  the 
double  images,  does  not  represent  truly  their  apparent 
distance.  If,  on  the  other  hand,  we  attempt  in  the  dia¬ 
gram  to  refer  the  double  images  to  their  real  distance 
(observing  the  law  of  direction),  then  they  unite  and 
form  one,  which  is  equally  untrue.  Thus,  if  we  repre¬ 
sent  truly  the  visual  position,  we  misrepresent  the  visual 
distance ;  if,  on  the  contrary,  we  try  to  represent  the 
visual  distance,  we  misrepresent  the  visual  position. 
It  is  evident  therefore  that  the  usual  diagrams,  while 
they  represent  truly  many  important  visual  phenomena, 
wholly  fail  to  represent  truly  many  others,  especially 
the  facts  of  binocular  perspective. 

The  falseness  of  the  usual  mode  of  representation 
becomes  much  more  conspicuous  if,  instead^P  two  or 
more  objects,  we  substitute  a  continucura^od  or  line. 
In  this  case  the  absurdity  of  projectiirgNtlie  double  im¬ 
ages  on  the  plane  of  sight  is  so  evhftyt  that  it  is  never 
attempted.  The  mode  universally  used  for  represent¬ 
ing  the  visual  result  when  a  ra*kis  placed  in  the  median 
plane  is  shown  in  Figs.  90^3,  of  which  Fig.  90  repre¬ 
sents  the  actual  positiom<3$ne  rod  in  the  median  plane, 
and  the  actual  posit^mpof  the  visual  lines  when  the 
eyes  are  fixed  oi/Tlie' nearer  end  A  ;  Fig.  91,  the  same 
when  the  eyesuar'e  fixed  on  the  farther  end  B ;  and 
Figs.  92  and^$f  the  visual  results  in  the  two  cases  re¬ 
spective!  ,ow  it  will  be  observed  that  in  both  these 
figures\^)resenting  visual  results  (Figs.  92  and  93)  the 
imjxgAof  the  rod  belonging  to  each  eye  is  coinci¬ 
dent  with  the  visual  line  of  the  other  eye,  and  therefore 
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makes  an  angle  with  its  own  visual  line  equal  to  the 
visual  angle  R  A  L,  R  B  L.  But  this  is  not  true  ;  for 


Figs. 


90  and  91  show  that  it  ought  to  make  but  half 


that  angle.;  If  these  figures  therefore  truly  represent 
the  position  of  the  double  images  (as  indeed  they  do), 
‘hey  do  not  truly  represent  the  position  of  the 
lines.  The  truth  is,  in  natural  vision  the  visual 
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lines  are  shifted ,  as  well  as  the  images  of  ail  objects  not 
situated  at  the  point  of  sight,  and  to  the  same  degree, 
so  that  the  position  of  such  objects  relative  to  the  visual 
lines  is  perfectly  maintained  in  the  visual  residt . 

It  is  evident  then  that  figures  constructed  on  the 
usual  plan,  while  they  give  correctly  the  place  and  dis¬ 
tance  of  objects  seen  single,  fail  utterly  to  give  the 
place  of  double  images.  They  are  well  adapted  to 
express  binocular  combination  of  similar  objects  or 
similar  figures  on  the  plane  of  sight,  but  are  wholly 
inadequate  to  the  expression  of  the  facts  of  binocular 
perspective,  whether  in  natural  objects  or  scenes  or  in 
stereoscopic  pictures. 

In  an  article  published  in  January,  1871,*  I  pro¬ 
posed,  therefore,  a  new  and  I  am  convinced  a  far  truer 
mode  of  diagrammatic  representation  of  the  phenomena 
of  binocular  vision,  applicable  alike  to  all  cases.  I  am 
satisfied  that  if  this  method  had  always  been  u£sjd,  much 
of  the  confusion  and  many  of  the  mistakes^&be  found 
in  the  writings  on  binocular  vision  waroPhave  been 
avoided.  But  it  is  evident  that  sinfiraSiew  and  truer 
method  must  be  founded  upon  s^^afundamental  bin¬ 
ocular  phenomena  usually  ovei%Q0Kbd.  I  must  first 
therefore  enforce  these.  TtavMnay  be  compendiously 
stated  in  the  form  of  two^undamental  laws .  It  will 
be  best,  however,  before. formulating  them,  to  give  some 
familiar  experimentsC^fn  then  to  give  the  laws  as  an 
induction  from  tkO  £Ifets  thus  brought  out. 

ExperimenLii^-Ii  a  single  object,  as  for  example  a 
finger,  be  heldSbefore  the  eyes  in  the  median  plane,  and 
the  eyes^Hsirected  to  a  distant  point  so  that  their  axes 
are  paJ^Wel,  the  object  will  of  course  be  seen  double, 
the  ^heteronymous  images  being  separated  from  each 

>  V  *  “American  Journal  of  Science,”  Series  III,  vol.  i,  p.  33. 
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otlier  by  a  space  exactly  equal  to  the  interocular  space . 
Now,  the  nose  is  no  exception  to  this  law .  The  nose  is 
always  seen  double  and  bounding  the  common  held  of 
view  on  either  side. 

Experiment  #. — If  two  similar  objects  be  placed 
before  the  eyes  in  the  horizontal  plane  of  sight,  and 
separated  by  a  space  exactly  equal  to  the  interocular 
space,  and  the  eyes  be  directed  to  a  distant  point  so  that 
their  axes  are  parallel  and  the  two  visual  lines  shall 
pass  through  the  two  objects,  then  both  objects  will  be 
doubled,  the  double  images  of  each  being  separated 
by  an  interocular  space ;  and  therefore  two  of  the  four 
images — viz.,  the  right-eye  image  of  the  right  object, 
and  the  left-eye  .image  of  the  left  object — will  combine 
to  form  a  single  binocular  image  in  the  middle  ;  while 
the  right-eye  image  of  the  left  object  will  be  seen  to 
the  left,  and  the  left-eye  image  of  the  right  object  to 
the  right.  Thus  there  will  be  three  imag^k  seen — a 
middle  binocular  image,  and  two  monodf^r^  images, 
one  on  each  side,  that  on  the  right  sictesfitfelonging  to 
the  left  eye  alone,  and  that  on  tharfelt  to  the  right 
eye  alone.  Now,  the  eyes  themselrffijtire  no  exception  to 
this  law.  In  binocular  vision  tQe)eyes  themselves  seem 
each  to  double — two  of  the^mages  combining  to  form 
a  binocular  eye  in  the  imfuue  {odl  cyclopienne\  while 
the  other  two  are  beyorfrone  two  images  of  the  nose  on 
either  side,  and  tlier^^e  iiidden  from  view.  Each  eye 
seems  to  itself  to^Qhpy  a  central  position,  while  it  sees 
(or  would  see  if  rae  nose  were  not  in  the  way)  its  fellow 
on  the  othe^iePe  of  the  double  images  of  the  nose. 

In  o^SrAvords,  in  binocular  vision,  when  the  optic 
axes  a^^parallel,  as  in  gazing  on  a  distant  object,  the 
whotk  field  of  mew ,  with  all  its  objects ,  including  the 
spirts  of  the  face ,  is  shifted  by  the  right  eye  a  half  in- 
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ter  ocular  space  to  the  left ,  and  by  the  left  eye  a  half 
interocular  space  to  the  right ,  without  altering  the  rela¬ 
tive  position  of  parts.  It  is  evident  that,  by  this  shift¬ 
ing  in  opposite  directions,  the  two  eyes  with  their 
visual  lines  are  brought  together  in  perfect  coinci¬ 
dence,  so  that  corresponding  points  in  the  two  retince 
seem  to  be  perfectly  united. 

Fig.  94.  Fig.  95. 


The  facts  as  thus  fa^^Jied — both  the  actual  condi¬ 
tion  of  things  as  we  pSfriv  them,  and  the  visual  remits 
as  they  seem  to  th^ljmocular  observer — are  represented 
in  the  followijngyliagrams.  Fig.  94  shows  the  actual 
condition  of  l^h'gs,  and  Fig.  95  the  visual  result,  in  the 
first  expenm}hit ;  Fig.  96  the  actual  condition  of  things, 
and  Fi^i^T  the  binocular  visual  result,  in  the  second 
expepm^ent.  To  explain  further  :  In  Fig.  94,  E  and  L 
a^tne  right  and  left  eyes  ;  iF,  the  nose ;  A ,  the  object 
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in  the  median  plane  ;  the  dotted  lines  v  v<  the  direction 
of  the  visual  lines.  Fig.  95  represents  the  visual  results ; 
E  being  the  combined  or  binocular  eye  (ml  cyclopi- 
enne) ;  n  and  n\  the  two  images  of  the  nose  belonging 
to  the  right  and  left  eyes  respectively ;  V,  the  combined 
or  binocular  visual  line,  looking  between  the  double  im¬ 
ages  a  and  a'  of  the  object  A  ;  while  r'  is  the  position 


Fig.  96. 


Fig.  97. 


of  the  right  eye  as  it^woMd  be  seen  by  the  left  eye,  and 
l  of  the  left  eye  as3^would  be  seen  by  the  right,  if  the 
nose  were  not  irfTi|ie.way,  and  v  and  v'  are  the  positions 


of  their  visp^lmes  if  they  were  visible  lines.  Fig.  90 
represents^fe  actual  condition  of  things  when  two  sim¬ 
ilar  obM^  A  and  B  are  before  the  eyes  in  the  visual 
linesS^v;  and  Fig.  97  is  the  visual  result,  in  which  a' 
anfls&  are  the  monocular  images,  one  belonging  to  the 
eft  and  the  other  to  the  right  eye,  AB  the  combined 
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or  binocular  image,  and  the  other  letters  representing 
the  same  as  before. 

Experiment  3. — These  facts  are  brought  out  still- 
more  clearly  if,  instead  of  an  object  like  A ,  Fig.  9d,  we 
use  a  continuous  line  or  rod,  as  in  Fig.  90,  page  250. 
We  have  seen  above  that,  with  the  optic  axes  parallel, 
any  object  placed  in  the  median  line  of  sight,  at  what¬ 
ever  distance,  is  separated  into  two  images  an  interocular 


Fig.  98. 


Fig.  99. 


resting  on  the„  gose  on  each  side,  run  out  parallel  to 
each  other  indefinitely.  Between  these  two  lines  the 
binocular ^Qycombined  eyes)  looks  out  along  the  com- 
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occupied  by  a  real  plane,  we  shall  see  two  parallel  planes 
bounding  the  binocular  field  of  view  on  each  side,  be¬ 
tween  which  we  look. 

These  facts  are  represented  by  the  diagrams  Figs. 
98  and  99.  In  Fig.  98,  B  represents  a  rod  resting  on 
the  root  of  the  nose  n ,  and  held  in  place  by  the  point 
of  the  finger  A  ;  B  and  L  are  the  two  eyes,  and  v  and 
v  the  two  visual  lines  in  a  parallel  position.  Such  is 
the  actual  condition  of  things.  Now  Fig.  99  repre¬ 
sents  the  visual  results.  It  is  seen  that  the  nose  n ,  the 
rod  B ,  and  the  finger-point  A  of  Fig.  98  are  all  doubled, 
as  n  n\  b  b\  a  a!  of  Fig.  99 ;  while  the  two  eyes,  B 
and  Z,  and  the  two  visual  lines,  v  and  v,  of  Fig.  98,  are 
combined  in  the  middle  as  the  binocular  eye  E,  which 
looks  out  along  the  combined  visual  line  V  between  the 
parallel  rods  b  b'  of  Fig.  99. 

As  already  stated,  if  instead  of  a  rod  wTe  use  a  plane 
coincident  with  the  median  plane,  then  plane  is 
doubled,  and  we  look  between  the  dmmed  images. 
This  is  the  case  in  using  the  stereosc^^  The  median 
plane  of  the  stereoscope  is  doubled,  and  between  its 
two  images  we  look  out  on  the*  combined  pictures. 

Experiment  if. — An  excedlentr illustration  of  the  fun¬ 
damental  fact,  that  in  bino^ijjfkr  vision  the  two  eyes  are 
moved  to  the  middle  ij®  combined  into  a  binocular 
eye,  must  be  familjmnwyevery  one.  who  has  ever  worn 
spectacles.  If  theMpectacles  are  properly  chosen,  so 
that  the  distan^efeetween  the  centers  of  the  two  glasses 
is  exactly  eqf^il  to  the  interocular  space,  then  we  see 
but  one  j&pfe  exactly  in  the  middle,  through  which  the 
bino(^^?bye  seems  to  look.  We  would  see  two  other 
glassCs/Vonocular  images,  right  and  left,  if  these  were 
mot  hidden  by  the  nose.  We  do  indeed  see  two  others 
Sf*  these  positions  if  we  remove  the  spectacles  to  such 
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distance  that  the  nose  no  longer  conceals  them,  while  we 
still  look  through  the  middle  glass  at  a  distant  object. 

Many  other  familiar  illustrations  may  be  given.  If 
we  put  our  face  against  a  mirror,  so  that  forehead  and 
nose  shall  touch  the  glass,  and  then  gaze  on  vacancy, 
there  will  be  of  course  four  images  of  the  two  eyes  in 
the  mirror.  Two  of  these,  viz.,  the  right-eye  image  of 
the  right  eye  and  the  left-eye  image  of  the  left  eye,  will 
unite  to  form  a  central  binocular  eye,  an  image  of  our 
own  central  binocular  eye,  and  into  which  our  own 
seems  to  gaze.  The  nose  will  be  seen  double  and  on 
each  side  of  the  central  eye,  and  beyond  the  double  im¬ 
ages  of  the  nose  on  either  side  will  be  seen  monocular 
images  of  the  eyes.  In  other  words,  we  actually  see 
exactly  what  I  have  expressed  in  the  diagrams  (Figs. 
97  and  99)  representing  visual  results. 

If,  in  place  of  the  reflexion  of  our  own  face  in  a 
mirror,  we  make  use  in  this  experiment  of  tfwkface  of 
another  person,  placing  forehead  against  lead,  nose 
against  nose,  and  the  eyes  exactly  oppo^fe  each  other, 
and  gaze  on  vacancy,  the  same  visual^esult  will  follow. 
Our  own  central  binocular  eye/fedl^  between  our  two 
noses  into  another  central  biK^chiar  eye,  situated  also 
between  two  noses.  Other  QJonocular  eyes  are  seen 
beyond  the  noses,  right  &a®left. 

The  fields  of  view^^ytw  two  eyes  are  bordered  by 
the  nose,  the  brows,. and  the  cheeks.  Its  form  therefore 
varies  in  differentiations.  It  has  no  definite  limit  on  the 
outside — i.  e.f  M^projected  on  a  plain  surface.  I  repro¬ 
duce  as  Fi&ffiJO  the  diagram  already  used  on  page  106, 
representing  rudely  the  general  character  of  the  field 
of  vi^vW  the  binocular  observer.  I  have  introduced 
tli^n^  cyclopienne  and  the  two  monocular  images  of 
and,  in  order  to  make  it  more  comprehensible, 
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I  have  supposed  the  observer  to  wear  glasses.  In  this 
diagram,  n  n  is  an  outline  of  the  nose,  hr  of  the  brow, 
and  ch  of  the  cheek  of  the  riglit-eye  field  ;  br' ,  n' 
and  ch\  the  outline  of  the  left-eye  field.  The  middle 
space  where  they  overlap,  bounded  on  each  side  by  the 
outline  of  the  nose  n  n ,  n'  ?i\  is  the  common  or  binocu¬ 
lar  field  occupied  by  the  central  binocular  eye  E \  sur- 


Fig.  100. 


Diagrammatic  Outline  of  Field?  of  View  of 
of  the  Common  Field. 


Eyes  and 


rounded  by  the  single  ellipse  of  theH^ibined  spectacle- 
glasses.  I  have  also  introduaerfcM  dotted  outline  the 
•left  eye  l  and  the  spectaclcj^nm  as  they  would  be 
seen  by  the  right  eye,  andQhe  right  eye  r'  and  spec¬ 
tacle-rim  s'  s'  as  they  wqj2d  be  seen  by  the  left  eye,  if 
the  nose  were  not  in  tlfei^ray. 

First  Law.— T\0we  now  in  position  to  formulate 
the  first  law.  (Qrould  express  it  thus :  In  binocular 
vision ,  withtkp  optic  axes  parallel ,  as  in  loohing  at  a 
distant  oVEgt,  the  whole  field  of  view  and  all  objects 
in  the^mfta,  including  the  visible  parts  of  the  face ,  are 
shifMK'i  the  right  eye  a  half  inter  ocular  space  to  the 
Iqftp^nd  by  the  left  eye  the  same  distance  to  the  right , 
^yuhout  altering  the  relative  positions  of  parts  y  so  that 
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the  two  eyes  with  their  tioo  visual  lines  seem  to  unite  to 
form  a  single  middle  binocular  eye ,  and  a  single  middle 
visual  line ,  along  which  the  eye  seems  to  look.  It  fol¬ 
lows  that  any  line,  rod,  or  plane  in  the  median  line,  as  also 
the  nose  itself,  is  doubled  lieteronymously,  and  becomes 
two  lines,  rods,  or  planes,  parallel  to  each  other,  and  sepa¬ 
rated  by  a  space  exactly  equal  to  the  interocular  space. 
Between  the  two  noses,  and  between  the  two  parallel 
lines,  rods,  or  planes,  the  binocular  eye  seems  to  look  out 
along  the  middle  visual  line  upon  the  distant  object. 
Of  course,  by  this  shifting  of  the  twofields  in  opposite 
directions,  all  objects  in  the  held  are  similarly  doubled. 

Thus  in  binocular  vision  the  two  eyes  seem  actually 
to  be  brought  together  and  superposed,  and  correspond¬ 
ing  points  of  the  two  retinae  to  coincide.  The  two  eyes 
become  actually  one  instrument.  And  conversely,  this 
apparent  combination  of  two  eyes  and  their  visual  lines 
is  a  necessary  consequence  of  the  law  of  cooe^onding 
points.  For  images  on  corresponding  points'  are  seen 
single ;  all  objects  on  the  two  visual  lin^Chiust  impress 
corresponding  points,  viz.,  the  centiH^pots  ;  therefore 
the  visual  lines  themselves,  if  LtreOvere  visible  lines, 
would  be  seen  single.  But  Adhere  could  they  be  seen 
single  except  in  the  middle  ?  ^Therefore  the  two  visual 
lines  must  combine  to  fomfi^i  single  middle  visual  line. 

We  will  next  givn^^periments  leading  up  to  the 
second  law.  For  tlii^phrpose  let  us  recur  to  the  experi¬ 
ment  with  the  ro^fjepresented  by  Fig.  98.  We  repro¬ 
duce  this  as  Ffe  101,  only  simplifying  by  leaving  out, 
in  the  visuaKjjekult  (Fig.  102),  the  monocular  visual  line 
vvf  of  Fig£  99,  in  order  to  compare  with  it  the  results 


of  subsb^uent  experiments.  As  already  explained,  if 
th^/rod  B  be  placed  in  the  median  plane  with  the 
nearer  end  resting  on  the  nose-root  ??,  and  the  farther 
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end  lield  in  place  by  the  point  of  the  linger  A,  the  eyes 
looking  at  a  distant  object,  as  shown  in  Fig.  Ml,  which 
represents  the  actual  condition  of  things,  t]^ft  the  rod, 

Fig.  103. 


Fig. 


1 
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together  with  nose  and  finger-point,  will  be  doubled 
heteronymously  and  become  two  parallel  rods,  between 
which  the  binocular  eye  will  look  out  along  the  binocu¬ 
lar  visual  line  at  the  distant  object,  as  shown  in  Fig. 
102,  which  represents  the  visual  results. 

Experiment  1 . — Now,  while  we  hold  the  rod  in  the 
position  represented  by  Fig.  101,  instead  of  looking  at 
a  distant  object  with  eyes  parallel,  let  the  eyes  be  con¬ 
verged  on  the  finger-point  F ,  so  that  Fig.  103  shall  rep¬ 
resent  the  actual  condition  of  things.  A^e  will  observe 


Fig.  105.  Fig.  106. 


that  the  double  Images  of  the  rod  represented  in  the 
visual  result*  JJig.  102,  approach  at  their  farther  end, 
carrying  allQjbjects  in  the  field  with  them,  until  they 
unite  a^roe  point  of  sight  F,  and  we  have  the  visual 
result  represented  in  Fig.  104. 
s^Bltyeriment  2. — If  by  greater  convergence  we  next 
at  some  nearer  point  B  on  the  rod,  as  in  Fig.  105, 
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which  represents  the  actual  relation  of  parts,  then  Fig. 
106  represents  the  visual  result.  By  comparing  this  with 
the  previous  visual  results,  Figs.  102  and  104,  it  will 
be  seen  that  the  double  images  b  V  approach  each  other 
until  they  unite  at  the  point  of  sight,  and  the  two  im¬ 
ages  of  the  ro  J  cross  each  other  at  this  point,  and  there¬ 
fore  become  again  double  beyond,  but  now  liomony- 
mously.  If  by  still  greater  convergence  we  look  at  a 
still  nearer  point  O,  Fig.  107,  then  the  double  images  of 
the  median  rod,  Figs  101,  103,  105,  will  cross  at  the 
point  of  sight  C ,  and  give  the  visual  result  shown  in  Fig. 


Fig.  107. 


Fig.  108. 


108.  Finally,  if  the^Srft  of  sight  by  extreme  converg¬ 
ence  be  brought  £o  rse  root  of  the  nose,  then  the  double 
images  of  the^  ygse  n  n\  Figs.  106,  108,  will  be  brought 
in  contact,  arnMne  common  or  binocular  field  will  be 
obliterahm^ln  all  cases  it  will  be  observed  that  the  com¬ 
bined  ej'^look  along  the  combined  visual  lines  through 
therein t  of  sight,  and  onward  to  infinite  distance. 

Tt  is  evident,  then,  that  in  optic  convergence,  as  the 
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two  real  eyes  turn  in  opposite  directions  on  tlieir  optic 
centers,  the  two  fields  of  view  turn  also  on  the  center  of 
the  binocular  eye  in  directions  opposite  to  the  real  eyes, 
and  therefore  to  each  other. 

It  will  be  observed  that  in  speaking  of  visual  phe¬ 
nomena  I  have  used  much  the  same  language  as  other 
writers  on  this  subject,  and  used  also  a  somewhat  simi¬ 
lar  mode  of  representation  ;  only  I  have  substituted  eyes 
in  the  place  of  the  nose,  and  put  noses  in  the  position  of 
the  eyes.  I  have  made  median  lines  cross  each  other  at 
the  point  of  sight,  instead  of  visual  lines,  and  visual  lines 
combine  in  the  middle  as  a  true  median  v  isual  line.  In 
other  words,  I  have  used  the  true  language  of  binocular 
vision.  1  have  expressed  what  we  see,  rather  than  what 
wTe  know — the  language  of  simple  appearance,  rather 
than  that  mixture  of  appearance  and  reality  which 
forms  the  usual  language  of  writers  on  this  subject. 

Second  Law. — The  second  law  may  theskfore  le 
stated  thus :  In  turning  the  eyes  togethoMii  tlie  same 
direction,  without  altering  their  con\^^ence,  objects 
seem  stationary,  and  the  visual  line$J$$em  to  move  and 
sweep  over  them ;  but  when  we  trHtfQhe  eyes  in  opposite 
directions,  as  in  increasing  or  decreasing  their  conver¬ 
gence,  then  the  visual  lines  Qpfcm  stationary  (i.  e.,  we 
seem  to  look  in  the  sanmOTirection  straight  forward), 
and  all  objects,  or  ratJ^fe  their  images,  seem  to  move 
in  directions  contrawjw>  the  actual  motion  of  the  eyes. 
The  whole  fieldsHttwiew  of  both  eyes  seem  to  rotate 
about  a  midd^  optic  center,  in  a  direction  contrary  to 
the  motion  he  corresponding  eyes,  and  therefoie  to 
each  This  is  plainly  seen  by  voluntarily  and 

stronoj^vfconverging  the  eyes  on  an  imaginary  very  near 
pobfct^s  for  example  the  root  of  the  nose,  and  at  the 
me  time  watching  the  motion  of  the  images  of  more 
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distant  objects.  The  whole  field  of  view  of  the  right 
eye,  carrying  all  its  images  with  it,  seems  to  rotate  to 
the  right,  and  of  the  left  eye  to  the  left — i.  e.,  homony- 
mously.  The  images  of  all  objects,  as  they  are  swept 
successively  by  the  two  visual  lines,  are  brought  from 
opposite  directions  to  the  front  and  superposed.  As 
we  relax  the  convergence,  and  the  eyes  move  back  to 
a  parallel  condition,  the  two  fields  with  their  images 
are  seen  to  rotate  in  the  other  direction — i.  e,  heterony- 
mously.  If  we  could  turn  the  eyes  outward,  the  two 
fields  and  their  images  would  continue  to  rotate  het- 
eronymously.  This,  which  we  can  not  do  by  volun¬ 
tary  effort  of  the  ocular  muscles,  may  be  done  by 
pressing  the  fingers  in  the  external  corners  of  the  two 
eyes.  By  pressing  in  the  internal  corners,  on  the  con¬ 
trary,  the  eyes  are  made  to  converge,  and  homonymous 
rotation  of  the  fields  of  view  is  produced. 

Or  the  law  may  be  more  briefly  formulated  thus : 
In  convergence  dad  divergence  of  the  efips,  Vie  two 
fields  of  view  rotate  in  opposite  dir&mms,  hornony - 
mously  in  the  former  case  and  heterfigt/ mously  in  the 
latter,  about  the  optic  center  of  iMxtinocular  eye  {ceil 
cyclopienne ),  while  the  middle  o^Jmiocidar  visual  line 
maintains  always  its  positiorrm  the  median  plane* 

Thus,  then,  there  are  <0r°  apparent  movements  of 
the  visual  fields  accomnhQ^d  in  binocular  vision.  First, 
there  is  a  shifting  ojsjfieh  field  heteronymously  a  half 
interocular  spac^  >This  is  involuntary  and  habitual, 
and  would  of  j£seti  double  all  objects  heteronymously, 
separating  W  images  exactly  an  interocular  space. 
Second.  ^Convergence,  there  is  a  rotation  of  each  field 
about  optic  center  of  the  ceil  cyclopienne  (or  about 
passing  through  that  center  and  normal  to  the 
plane),  homonymously.  The  necessary  conse- 
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quences  of  these  movements  are :  (a)  that  the  images 
of  an  object  at  the  point  of  sight  are  superposed  and 
the  object  is  seen  single,  while  objects  on  this  side  of 
the  point  of  sight  are  doubled  heteronymously,  and 
those  beyond  the  point  of  sight  homonymously ;  ( L ) 
that  all  objects  (different  objects)  lying  in  the  direction 
of  the  two  visual  lines,  whether  nearer  than  or  beyond 
the  point  of  sight,  have  their  images  (one  of  each) 
brought  to  the  front  and  superposed ;  so  that  the  two 
visual  lines  are  under  all  circumstances  brought  together 
and  combined  to  form  a  single  binocular  visual  line, 
passing  from  the  middle  binocular  eye  through  the 
point  of  sight  and  onward  to  infinity. 

In  all  the  experiments  which  follow  on  this  subject 
it  is  necessary  to  get  the  interocular  space  with  exact¬ 
ness.  This  may  be  done  very  easily  in  the  following 
manner : 

Experiment . — Take  a  pair  of  dividers  and  hold  it 
at  arm’s  length  against  the  sky  or  a  bright^mid,  and, 
while  gazing  steadibs^  the  sky  or 
cloud,  separate  tbeJpbints  until  two 
of  the  four  donble  images  of  the 
points  shalQjnVte  perfectly,  as  in 
Fig.  109JSyThe  distance  between 
the  points  of  the  dividers,  equal  to 
a-aQ&r  b-b\  or  c-e\  is  exactly  the 
^^rocular  distance — i.  e.,  the  dis- 
Qance  between  the  central  points 
0f  the  central  spots  of  the  two 
retinae.  Tin  difficulty  in  the  way  of  perfect  ex¬ 

actness  in<|his  experiment  is  the  want  of  fine  definition 
of  the's^hits  when  the  eyes  are  adjusted  for  distant 
visiooA  This  may  be  obviated  by  using  slightly  convex 
speS^cles.  The  accuracy  of  the  determination  may  be 
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verified  thus  :  Measure  the  distance  just  determined  ac¬ 
curately  on  a  card,  and  pierce  the  card  at  the  two  points 
with  small  pin-holes.  Now  place  the  card  against  the 
forehead  and  nose,  with  the  holes  exactly  in  front  of 
the  two  eyes,  and  gaze  through  them  at  a  distant  hori¬ 
zon  or  cloud.  If  the  measurement  is  exact,  the  two 
pin-holes  will  appear  as  one  ;  their  coincidence  will  he 
perfect.  As  thus  determined,  I  find  my  interocular 
space  exactly  2*14  inches  (62  mm.).  It  will  he  seen 
that  this  method  is  founded  upon  the  opposite  shift¬ 
ing  of  the  two  fields  of  view  half  an  interocular 
space  each,  spoken  of  in  the  first  law.  The  two  pin¬ 
holes  are  seen  as  one  exactly  in  the  middle ,  which  is 
looked  through  by  the  ceil  cyclopienne ;  and  this  is 

therefore  one  of  the  very  best 
illustrations  of  such  shifting  of 
the  two  eyes  and  their  visual 
lines  to  the  middle. 

We  will  now  givevsome  ad¬ 
ditional  expern^Mns  illustrat¬ 
ing  and  eqfrTying  these  two 
laws,  ah^jtfjptoing  the  absolute 
neee&jsic^of  using  this  new 
mo(j0^f  diagrammatic  repre- 
s^ation  in  all  cases  in  which 
^C&pocular  perspective  is  in- 
evolved.  For  this  purpose  I 
find  it  most  convenient  to  use 
a  small  rectangular  blackboard 
about  18  inches  long  and  10 
inches  wide,  Fig.  110.  Mark 
two  pcfims  Ii  and  L  at  one  end,  with  a  space  between 
exUjCtl*  equal  to  the  interocular  space,  and  in  the  mid- 
(^Vetween  these  points  make  a  notch  n  in  the  edge  of 
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the  board  to  fit  over  the  bridge  of  the  nose.  Such  a 
board  is  admirably  fitted  for  all  experiments  on  binocu¬ 
lar  perspective. 

Experiment  1.— Draw  a  line  through  the  middle  of 
the  board  from  the  notch  n ,  Fig.  110.  This  will  be  the 
visible  representative  of  the  median  line  ;  and  as  the 
median  line  is  used  in  all  the  experiments,  this  may  be 
made  permanent.  On  this  line  place  two  pins  at  A  and 
B.  Draw  also  from  the  points  L  and  B  dotted  lines 


F tg  111. 


Fig.  112. 


parallel  to  the  meiCDtn  line  and  to  each  other,  as  the 
visible  representafcrves  of  the  visual  lines  when  the  optic 
axes  are  paprfjel,  as  when  looking  at  a  distant  object. 
Now  fit^tfm^plane  over  the  bridge  of  the  nose,  and 
place  a  horizontal  position  a  little  below  the  pri- 

“".arjVlane  of  vision,  say  half  an  inch  or  an  inch,  so 

L^Otlfe 


mar 

& 


fe  whole  surface  is  distinctly  seen,  and  then  look 
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beyond  at  a  distant  object.  Leaving  out  the  board  in 
the  representations,  the  actual  position  of  the  lines  is 
shown  in  Fig.  Ill  and  the  visual  result  in  Fig.  112. 
Remembering  that  in  all  our  figures  capitals  represent 
combined  or  binocular  images,  simple  italics  right-eye 
images,  and  primed  italics  left-eye  images,  it  will  be 
seen  that  the  whole  board,  with  all  the  lines  and  objects 
on  it  and  the  parts  of  the  face,  has  been  shifted  left 
and  right  by  the  two  eyes,  so  that  the  nose  and  the  me¬ 
dian  line  are  seen  as  two  noses  and  two  parallel  lines 
with  their  pins,  separated  by  a  space  exactly  equal  to 
tlie  interocular  space,  and  the  two  visual  lines  are 
brought  together  and  united  in  the  middle  to  form  a 


common  visual  line  V,  as  if  coming  from  a  single  bin¬ 
ocular  eye  E \  If  two  small  circles  be  drawn  or  a  pin 
be  set  at  the  end  of  the  dotted  visual  lines  in  Fig.  Ill, 
these  will  be  united  in  the  result  Fig.  112,  at  the  end  of 
the  combined  visual  line  V.  There  will  alsqipf  course 
be  seen  to  the  extreme  right  and  left  mond^Jalar  images 
of  the  dotted  representatives  of  the  visuai^fines,  and  of 
the  circles  or  pins  at  their  farther^ $np.  I  have  con¬ 
nected  by  vincula  the  images  of  tl^whole  drawing,  the 
primed  vinculum  being  the  i  >f  the  left  eye,  the 
other  of  the  right. 

Experiment  — If  weyaow  erase  the  parallel  visual 
lines  v  v  on  the  boardj@^  draw  them  convergent  on 
the  pin  A ,  so  that^igi  113  shall  represent  the  actual 
condition,  and  then  adjust  the  board  again  to  the  nose 
and  look  at  thepm  A,  the  visual  result,  or  what  we  shall 
see,  is  givemoA^ig.  114.  By  comparing  this  result  with 
the  actmdQ^dndition  of  things — i.  e.,  by  comparing  Fig. 
114  w^tfvFig.  113 — it  would  seem  as  if  the  whole  draw¬ 
ing^  the  board,  including  the  eyes  and  nose,  had  been 
4uwea  about  the  point  of  sight  A  by  the  two  eyes  in 
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opposite  directions,  the  right  carrying  it  to  the  position 
l  A  H)  the  left  eye  to  the  position  r'  A  E \  shown  by 


Fig.  113. 


Fig.  114. 


the  unprimed  and  the  primed  vinculum  l^pettively. 
The  real  nature  of  the  rotation, 
however,  is  shown  by  comparing 
the  appearance  of  the 
when  the  eyes  are  parallel  wii 
appearance  when  the  eyes  are  c^fc- 
verged  on  A.  Fig.  115  rep^sfents 
the  visual  result  when  10Tsame 
drawing  is  viewed  wi^^he  eyes 
parallel.  By  comparQg  this  figure 
with  the  visual  result  when  the 
eyes  converg^X*??  A  (Fig.  114),  it 
is  seen  thafetbe  two  images  of  the 
whole  dwinng  rotate  on  the  optic 
lot  the  binocular  eye  E, 
e  pins  a  a '  and  the  visual 
19 


centi 

until 


115. 
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lines  v  v'  of  Fig.  115  unite  to  form  tlie  binocular  image 
A  and  the  binocular  visual  line  V  of  Fig.  114.  If  the 
eyes  be  converged  very  gradually,  the  slow  approach  of 
the  points  a  a',  carrying  with  them  the  dotted  lines  v  v\ 
as  if  turning  on  the  center  of  the  binocular  eye  E,  can 
be  distinctly  seen. 

Experiment  3. — If  we  again  erase  the  dotted  repre¬ 
sentatives  of  the  visual  lines  and  draw  them  converging 
and  crossing  at  the  nearer  pin  B ,  as  in  Fig.  116,  then 


Fio.  116.  Fig.  117. 


sight  B  in  two^ch^ctions,  viz.,  a  right-handed  rotation 
by  the  rigl^t^veand  a  left-handed  rotation  by  the  left 
eye.  Eut  whax  actually  takes  place  is  seen  by  first  gaz¬ 
ing  at^©tetant  object  and  comparing  the  visual  result 
thus  opined,  shown  in  Fig.  118,  with  that  obtained  by 
converging  the  eyes  on  B ,  shown  in  Fig.  117.  It  is 
ieen  that  the  double  imases  of  the  whole  diagram  turn 
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on  the  center  E  until  b  V,  Fig.  118,  unite  to  form  B ,  Fig. 
117,  and  v  E,v'  E  to  form  V E ;  and  of  course  the  other 


Fig.  118. 


Fig.  119. 


lines,  a  a\  v  v',  cross  over  and  become  hpjH&nymous. 
When  the  eyes  converge  as  in  this  last  oameriment,  the 
points  R  and  L  on  the  experimental  (Bptird,  Fig.  110, 
must  be  a  little  less  than  an  interp,crfl||r  space  apart. 

Let  us  now  return  to  the  original  experiment  with 
three  points  or  objects  in  the  l^mSian  line  given  on  page 
248.  We  reproduce  here  ^  figure  (Fig.  119)  usually 
used  to  illustrate  the  vi&Q^  result.  We  have  already 
shown  how  impossiblixpr  is  to  represent  all  the  visual 
results  in  this  wa 5fr  we  are  bent  on  representing  the 
parallactic  po^itgpp  of  the  double  images,  then  we  must 
refer  them  all  to  the  same  plane,  as  in  Fig.  119  ;  but 
this  is  fah  ^>Tf,  on  the  other  hand,  we  try  to  place  them 
at  the  (ft^hces  at  which  we  actually  see  them,  observ¬ 
ing  the  law  of  direction,  then  the  double  images  unite, 
vddcn  is  also  false. 
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Experiment  Jf. — Now  try  tlie  same  experiment  by 
the  use  of  the  board,  and  the  true  mode  of  representa¬ 
tion  becomes  manifest.  On  the  median  line,  Fig.  120, 
place  three  pins,  and  draw  dotted  lines  to  each  of  them 
from  the  position  of  the  eyes,  which  shall  be  the  visi¬ 
ble  representatives  of  either  visual  lines  or  ray-lines. 
As  in  the  experiment  the  eyes  will  look  at  B ,  let  the 
dotted  lines  to  B  be  stronger  to  represent  visual  lines  ; 


Fig.  1*20. 


Fig.  121. 


0 

then  the  others  will  represent  only  ray-lines.  Now 
when  this  diagram  served  with  the  point  of  sight 
at  B ,  Fig.  120,/TlSn  the  visual  result — i.  e.,  what  we 
actually  see  on  the  board — will  be  Fig.  121.  It  is  seen 
that  the  wlw&raiagram  Fig.  120  is  rotated  in  opposite 
directiqn^Qrcxmt  the  point  of  sight  B  to  make  the  result, 
Fig.  But  the  real  nature  of  the  rotation  is  shown 

hv^biparing  the  result  with  the  eyes  parallel,  Fig.  122, 
*vith  the  result  with  the  eyes  converged  on  B,  Fig.  121. 
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Fig.  122. 


With  the  eyes  parallel,  the  whole  diagram  is  simply 
doubled  heteronymously  by  each  eye  shifting  it  half  an 
interocular  space  in  opposite  directions.  Now  conver¬ 
ging  the  eyes  slowly,  the  two 
images  of  Fig.  120  shown  in 
Fig.  122  are  seen  to  rotate  on 
E  until  the  points  b  V  and  the 
dotted  lines  b  E,V  E  unite  to 
form  B  E \  Fig.  121.  In  do¬ 
ing  so,  c  c'  have  approached, 
but  not  united  ;  they  are  there¬ 
fore  still  heteronymous,  while 
a  a'  have  met  and  passed  each 
other,  and  become  liomony- 
mously  double. 

Therefore  Fig.  121  truly 
represents  all  the  visual  facts. 

It  gives  both  the  parallactic 
position  of  the  points  in  rela¬ 
tion  to  the  observer,  their  relative  posS^n  in  regard 
to  each  other,  and  their  relative  d^^be.  Or,  if  we 
leave  out  in  the  original  diagra^j^  complicating  the 
figure,  all  except  the  necessaw  Sstedian  line  and  pins, 
as  in  Fig.  123,  then  the  visu^Vesult  is  given  in  Fig. 
121.  Or,  adding  in  tliej0£ual  result  only  the  visual 
line  and  the  most  necrara?^  ray-lines,  viz.,  those  going 
to  the  binocular  eye-S^nave  Fig.  125.  This  last  figure 
we  shall  hereafteAj&e  to  represent  the  phenomena  of 
binocular  perspective. 

Applicati^  to  Stereoscopic  Phenomena. — We  wish 
now  to  this  new  method  of  representation  to  the 

phenonlxha  of  the  stereoscope.  We  reproduce  here  as 
Figv^B  the  diagram  used  on  page  150.  It  is  seen  that 
the  different  distances,  A  and  B ,  at  which  the 
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foreground  and  background  are  seen,  are  truly  repre¬ 
sented,  no  attempt  is  made  to  represent  the  double  im¬ 
ages  of  the  foreground  when  the  background  is  re 
g  irded,  or  vice  versa .  It  is  impossible  by  this  usual 
method  to  represent  these  double  images  without  refer- 


Fro.  123. 


Fig.  124. 


Fig.  125. 


ring  them  to  the  same  plane ;  but,  this  would  of  course 
destroy  the  perspective,  which  Fk'is  the  very  object  of 
the  diagram  to  illustrate.  e  new  method,  on  the 
contrary,  represents  the  *t@e  distance  of  the  point  of 
sight,  and  the  true  positions  and  distances  of  the  double 
images,  and  therefpipme  true  binocular  perspective. 
In  other  words,  ^tjVepresents  truly  all  the  binocular 
visual  phenomg^a.  It  will  be  best  to  preface  this  ex- , 
planation  b^F  additional  experiment. 

— If  a  rectangular  card,  like  an  ordinary 
stereoscopic  card,  or  a  letter  envelope,  be  held  before 
th^rfe^s  at  any  convenient  distance  while  the  eyes  gaze 
^  vacancy,  i.  e.,  with  the  optic  axes  parallel,  the  two 
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Fig.  126. 


images  of  tlie  card  will  be  seen  to  slide  over  each  other 
heteronymously,  each  a  distance  equal  to  a  half  inter- 
ocular  space,  and  therefore  relatively  to  each  other  ex¬ 
actly  an  interocular  space.  If  the  card  be  longer  than 
an  interocular  space,  there  will  be  a 
part  where  the  two  images  will  overlap. 

This  is  represented  in  the  accom¬ 
panying  diagrams,  of  which  Fig.  127 
represents  the  card  when  looked  at, 
and  Fig.  128  the  visual  result  when 
the  eyes  are  parallel.  In  this  visual 
result  c  c  is  the  right-eye  image  of 
the  card,  cr  c'  the  left-eye  image,  end 
d  d  the  binocular  overlapping.  This 
overlapped  part  will  be  opaque,  be¬ 
cause  nothing  can  be  seen  behind  it 
by  either  eye.  But  right  and  left  of 
this  are  two  transparent  spaces.  That 
on  the  left  belongs  to  the  image  of  the 
right  eye,  but  not  to  that  of  the  left,  ^ 
and  therefore  the  left  eye  sees  obje^^pTj 
beyond  it.  That  on  the  right  belongs 
to  the  left  eye,  but  the  right  ^vksees  objects  beyond  it. 

If  two  circles,  a  a ,  be  dr^h  on  the  card,  Fig.  127, 
an  interocular  space  apaj0they  will  unite  into  a  lin- 


Fig.  127. 


Fig.  128. 


ocula'  r>$rcle  A  in  the  center  of  the  opaque  part,  Fig. 
l^N^hile  two  monocular  circles  a  a 7  will  occupy  the 
ramsparent  borders. 
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By  the  law  of  alternation  spoken  of  on  page  108, 
sometimes  the  right  eye  will  prevail,  the  right-hand 
transparent  border  will  disappear,  and  the  whole  right- 
eye  image  c  c  will  appear  opaque.  Then  the  left  eye 
prevails,  and  the  left-hand  border  will  disappear,  and 
the  whole  left-eye  image  c'  c'  will  appear  opaque. 
Sometimes  both  borders  disappear,  and  only  the  bin- 
03ular  overlapping  is  seen.  Sometimes  the  whole  dou¬ 
ble  image,  including  both  borders,  becomes  opaque. 
But  the  true  normal  binocular  appearance  or  visual  re¬ 
sult  is  given  in  Fig.  128 — i.  e.,  opaque  center  and  trans¬ 
parent  borders,  these  borders  being  exactly  equal  to  the 
interocular  space. 

We  are  now  prepared  to  show  how  stereoscopic 
phenomena  may  be  represented  by  our  new  method. 
In  Fig.  129,  c  c  represents  a  stereoscopic  card  in  posi¬ 
tion  ;  m  s ,  the  median  screen,  wdiich  cuts  oif  the  super¬ 
numerary  monocular  images ;  a  a ,  identicaL«qjk>ints  in 
the  foreground  of  the  pictures,  and  b  5,  i^tOfcne  back¬ 
ground.  The  two  eyes  and  the  nose  arefi^presented  as 
before  by  H,  Z,  and  n ;  and  a  R,  b  R,b  L  are 
ray-lines.  Leaving  out  the  dotteflMines  beyond  the 
card,  this  diagram  represents  actual  condition  of 
things.  The  dotted  lines  beyond  the  picture  show  the 
mode  of  representation  u0ally  adopted.  When  the 
eyes  are  directed  to  a  aJt|)Bn  a  R,  a  L  become  visual 
lines,  and  a  a  are  lykjpa  and  seen  at  the  point  of  sight 
A.  When  the  ^yc^are  directed  to  b  5,  then  b  R,b  L 
become  visugj  ^ies,  and  b  and  b  are  united  and  seen 
single  at  the(|^hnt  of  sight  B. 

The  defebt  of  this,  mode  of  representation  is,  that  it 
takes  recognizance  of  the  double  images  of  bb  when 
A  ^s^egarded,  or  of  a  a  when  B  is  regarded.  The  at- 
t^pt  to  represent  these  would  destroy  the  perspective. 
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By  our  new  method,  on  the  contrary,  all  the  phe¬ 
nomena  are  represented.  In  Fig.  130  is  shown  the  vis¬ 
ual  result  when  the  eyes  are  fixed  on  the  background  ; 
in  Fig.  131,  the  visual  result  when  the  eyes  are  fixed 


.# 
<f> 


on  the  Jj^^round.  In  Fig.  130  we  see  that  the  nose 
n  n'  ai^Pthe  median  screen  ms  m's  are  doubled  heter- 
and  the  space  between  the  two  is  the  com- 
and  only  field  of  view  (for  the  monocular  fields 
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are  cut  off  by  the  screen).  In  the  middle  between  these 
is  the  binocular  eye  E \  looking  straight  forward.  This 
is  manifestly  exactly  what  we  see  in  the  stereoscope. 
Again,  wTe  see  that  the  two  images  of  the  card  have 
slidden  over  each  other,  in  such  wise  that  b  5,  Fig.  129, 
are  brought  together  in  the  middle,  united,  and  seen 
single  in  Fig.  130.  But  where  ?  at  what  distance  ? 
Evidently  this  can  only  be  at  the  point  of  sight,  which, 
as  I  have  already  explained,  is,  in  diagrammatic  repre¬ 
sentations  of  visual  phenomena,  where  the  common  vis¬ 
ual  line  and  the  two  median  lines  meet  one  another  at 
the  point  i?,  Fig.  130.  Meanwhile  a  a ,  Fig.  129,  will 
have  crossed  over  and  become  heteronymous,  and  their 
double  images  a  a\  Fig.  130,  will  be  seen  just  where 
their  ray -lines  E  a  and  E  a'  cut  the  median  planes,  viz., 
at  a  a'°.  In  Fig.  131,  which  is  the  visual  result  when 
the  eyes  are  fixed  on  the  foreground,  the  shifting  or 
sliding  of  the  two  images  of  the  card  is  not  quite  so 
great  as  before.  It  is  only  enough  to^jm^  together 
the  nearer  points  a  a ,  Fig.  129,  but  These  lat¬ 

ter,  therefore,  are  homonym ouslyvdouble.  The  united 
images  of  a  a  are  seen  singl^ra'the  common  visual 
line,  and  at  the  distance  A  ^Uelhe  double  images  of 
the  median  line  cross  eac^bther ;  while  b  b  are  seen 
homonymously  doubles®!  at  IV,  the  intersection  of 
their  ray -lines  with  flgta^ntinuation  of  the  median  lines 
after  crossing  ;  foisKbmonymous  images  are  always  re¬ 
ferred  beyond  if^ie)  point  of  sight. 

The  mo$9  of  representing  combinations  with  the 
naked  eye^&y  squinting  is  similar.  Of  course  the  place 
of  th  ibined  picture  will  in  this  case  be  between 
the  ay&s'  and  the  card.  I  reproduce  (Fig.  132),  for  the 
of  comparison,  the  usual  mode  of  representation 
,wom  page  153.  In  order  to  make  the  perspective  nat- 
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only  does  the  diagram  give  truly  the  place  and  distance 
of  the  combined  image,  but  also  of  the  double  images 
by  means  of  which  perspective  is  perceived. 

It  will  be  remembered  that  double  images  may  be 
nearer  or  farther  off  than  the  point  of  sight,  but  that 
in  the  former  case  they  are  heteronymous,  in  the  latter 
homonymous.  In  this  way  we  at  once  perceive  their 
distance  in  relation  to  point  of  sight.  Now,  in  the  new 
mode  of  representation,  this  fact  is  also  indicated.  In 
both  of  the  figures  133  and  134  there  are  two  places 
where  the  ray-lines  cut  the  median  lines,  and  .therefore 
where  double  images  may  be  formed ;  but  in  the  one 
case  the  images  are  heteronymous,  and  therefore  we 
refer  them  to  the  nearer  points  a  a';  in  the  other  case 
they  are  homonymous,  and  therefore  we  refer  them  to 
the  farther  points  b  V. 

If  stereoscopic  pictures  mounted  in  the  usual  way 
be  combined  with  the  naked  eyes  by  squinting,  or  pic¬ 
tures  with  reverse  mounting  be  combined  ins  the  stereo¬ 
scope,  the  perspective  will  be  inverte^pln  this  case 
the  diagrammatic .  representation  is^pactly  the  same, 
except  that  the  double  images^QQ^oints  in  the  fore¬ 
ground  a  a '  will  now  be  hoinQ^mious,  and  therefore 
referred  to  the  other  possil^vpoint  of  reference,  viz., 
beyond  the  point  of  sighW^and  double  images  of  points 
in  the  background  b  become  heteronymous,  and 

therefore  referred  ft^frre  nearer  point. 

Some  curious  I^fLkomena  illustrating  the  heteronymous 
S^jQng  of  the  two  Fields  of  View. 

Exmffinent  1. — To  trace  a  picture  where  it  is  not. 
Take^ybstage  stamp,  or  a  piece  of  coin,  or  a  medallion, 
lall  object  or  picture  of  any  kind ;  place  it  on  a 


S1 


,he<  h  of  white  paper.  Take  then  a  thin  opaque  screen, 
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like  a  pamphlet,  or  thin  book,  or  piece  of  cardboard, 
and  set  it  upright  on  the  right  side  of  the  object  or 
picture,  and  bring  down  the  face  upon  the  top  edge  of 
the  screen,  in  such  wise  that  the  latter  shall  occupy  the 
median  plane.  If  we  now  gaze  with  the  eyes  parallel 
— i.  e.,  on  vacancy — the  median  card  will  double  and 
become  two  parallel  cards,  and  in  ilie  middle  between 
them  will  be  seen  the  object  or  picture.  With  a  pencil 
in  the  right  hand  we  may  now  trace  the  outline  of  the 
object  or  picture,  by  means  of  its  image,  on  the  right 
side  of  the  screen,  although  the  actual  object  or  picture 
is  on  the  left  side  of  the  same. 

The  accompanying  diagrams  illustrate  and  explain 
the  phenomena.  In  Fig.  135,  H  and  L  are  the  two 


Fig.  135. 


Fig.  13G. 


eyes  looking  down  outlie  paper  sheet  sh  /  ms  is  the 
median  screen,  an  the  coin  on  its  left  side  /  &,  the 
spot  wh6re  the  authne  is  traced  with  the  pencil  P.  This 
figure  therefore  Ogives  the  actual  condition  of  things. 
The  vismdTS^ult,  and  therefore  the  explanation,  is 
given  ih^Vg.  136.  By  careful  inspection  it  is  seen  that 
the  so^een  is  doubled  heteronymously,  and  becomes  two 
srawe?  screens  ms.  m's :  that  the  two  images  of  the 
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paper  sheet  are  slidden  over  each  other,  so  that  the  left 
eye,  its  visual  line,  and  its  image  of  the  coin  c  are  all 
brought  to  the  middle,  while  the  right  eye,  its  visual 
line,  and  its  image  of  the  pencil  and  of  the  point  a  are 
also  brought  to  the  middle  from  the  other  side,  and 
superposed.  We  therefore  see  the  image  of  the  coin 
and  trace  its  outline  exactly  an  interocular  space  dis¬ 
tant  from  its  real  position.  If  it  were  not  for  the 
screen,  there  would  be  another  (right-eye)  image  of  the 
coin  and  another  (left-eye)  image  of  the  pencil  and  of 
the  point  a.  These  I  have  indicated  in  dotted  outline. 

Experiment  2. — If  we  make  the  experiment  with¬ 
out  the  use  of  the  median  screen,  then  the  cause  of  the 
phenomenon  becomes  obvious.  If  we  lay  a  piece  of 
money  on  a  sheet  of  paper,  and  then  gaze  in  the  direc¬ 
tion  of  the  coin,  but  with  the  eyes  parallel — i.  e.,  on 
vacancy — the  money  of  course  separates  into  two  images 
an  interocular  space  apart.  If  we  approach  this  with  a 
pencil  for  the  purpose  of  tracing  the  ouj^\  we  will 
see  the  pencil  also  doubled.  If  we  nogjbring  corre¬ 
sponding  images  in  contact — i.  e.,  rigjfKeye  image  (left 
in  position)  of  the  pencil  with  the*mgnt-eye  image  (left 
in  position)  of  the  coin — we  the  coin  with  the 

pencil.  But  if,  on  the  contf&q^we  bring  the  right-eye 
image  (left  in  position)  of  tQ  pencil  to  the  left-eye  im¬ 
age  (right  in  positionWjp the  coin,  we  may  trace  the 
outlines  of  the  pieoefi^  -mterocular  space  distant  from 
its  true  position*.  Qfmis  is  shown  in  Fig.  137,  which 
gives  the  visua\I$sult  of  such  an  experiment— e  and  c' 
being  the  and  left-eye  images  of  the  coin,  and 

P  and  P£s£fl)the  pencil.  If,  while  the  operation  is  going 
on,  \^NQOs3rve  carefully,  we  will  see  to  the  right  the 
left-^y^  image  of  the  pencil,  P',  engaged  in  making  a 
t^rang.  But  there  is  no  tracing  in  this  place;  it  is 
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only  tire  left- eye  image  of  tlie  real  tracing  being  made 
by  the  other  pencil  P.  In  the  previous  experiment  the 
screen  cuts  olf  all  the  images  except  the  right-eye  image 

Fig.  137. 


c  C' 


of  the  pencil  and  the  left-eye  image  of  the  coin,  which 
are  brought  together  in  the  middle. 

Tolerably  good  tracings  of  a  picture  may  be  made 
in  this  way.  The  only  difficulty  in  making  them  really 
accurate  is  the  unsteadiness  of  the  optic  axes,  and  there¬ 
fore  of  the  place  of  the  image.  I  have,  however,  used 
this  method  in  making  outline  tracings  of  microscopic 
objects,  which  may  be  tilled  out  afterwar<^Ojfor  this 
purpose  a  card  is  placed  on  the  right  sid&^jCy  the  micro¬ 
scope,  and  the  microscopic  object  is  vieirajK  with  the  left 
eye,  while  the  right  eye  is  used  for, guiding  the  pencil. 
Precisely  as  in  the  experiment  w^tTV&ie  coin  (Fig.  137), 
the  left-eye  image  of  the  objecjrancf  the  right-eye  image 
of  the  pencil  and  of  a  certain  spot  on  the  card  are 
brought  together  in  the  njrtjrale. 

Experiment  3 . —  Iftffiaoe  the  outlines  of  a  light  on 
an  opague  screen .  rW  same  experiment  may  be  mod¬ 
ified  in  an  interesHag  way  thus :  Set  a  light  in  front  of 
you  on  a  tablo>$3?lace  a  median  screen  of  cardboard  or 
of  tin  between  the  eyes,  so  that  the  light  can  be  seen 
with  bo^byes.  Now  bend  the  screen  to  the  right  so 
as  to  aaj&ke  a  right  angle  at  the  distance  of  3  or  8  inches 
f^pm^tne  eyes.  This  part  will  cut  off  the  view  of  the 
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candle-flame  from  the  right  eye.  Nevertheless,  while 
gazing  steadily  at  the  flame,  a  really  correct  outline  of 
it  may  be  drawn  on  the  opaque  transverse  screen,  pre¬ 
cisely  as  if  it  were  transparent.  This  is  illustrated 
and  explained  by  the  accompanying  diagrams.  Fig. 
138  is  the  actual  condition  of  things.  F  is  the  flame  ; 
ms,  the  median  screen,  resting  on  the  nose  n;  ts ,  the 
transverse  portion  of  the  screen.  Now,  just  where  the 


Fig.  139. 


Fig.  138. 


By  thofl^Qteronymous  doubling  of  the  median  and  trans¬ 
verse  screens,  dlie  left-eye  image  of  the  flame  and  the 
jye  image  of  the  transverse  screen  ts  are  brought 
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Fig.  140. 


tlie  opaque  screen  as  a  transparency,  and  drawn  at  f'. 
In  order  to  show  that  the  flame  is  seen  only  by  one  eye, 
I  have  stopped  one  of  the  combined  visual  lines  at  the 
screen.  The  apparent  transparency  of  an  opaque  screen 
in  this  case  is  precisely  the  same  as  the  transparent 
borders  of  an  opaque  screen  mentioned  and  explained 
on  page  275. 

Experiment  — To  see  through  a  book ,  a  deal  board , 
or  the  back  of  the  hand ,  or  even  if  necessary  through  a 
millstone .  Roll  up  a  thin  pamphlet  into  a  hard  tube  a 
half  or  three  quarters  of  an  inch  in  diam¬ 
eter,  and  hold  it  with  the  left  hand  be¬ 
tween  the  thumb  and  hand,  as  shown  in 
Rig.  140.  Place  the  right  eye  to  the  end 
of  the  tube  and  look  through  the  tube  at 
the  oj3posite  wall,  or  still  better  at  a  map 
or  picture  hanging  on  the  wall,  while  the 
back  of  the  hand  conceals  the  map  or  pic¬ 
ture  from  the  left  eye.  A  circular  spot  on 
the  wall  or  map  will  be  seen  through  th<>>0 
center  of  the  hand  (Fig.  140),  precisely  as  if  there  were 
a  circular  hole  in  the  hand.  Of  (^mSse  a  book  or  an 
opaque  plate  of  any  kind  may  {^substituted  for  the 
hand  in  this  experiment. 

The  explanation  is  as  fallows  :  The  visual  line  of 
the  right  eye  passes  thr@efn  the  axis  of  the  tube  and 
pierces  the  center  circular  visible  area  of  the 

object  regarded,  wh|0  the  visual  line  of  the  left  eye 
pierces  the  back^oWihe  hand  or  the  book  at  a  point  dis¬ 
tant  from  the^Ssi  of  the  tube  just  an  interocular  space, 
or  about  ^hffnches.  By  the  right  and  left  shifting  of 
the  fielder  view  already  explained,  the  two  visual  lines 
are  bw^ght  together  in  the  middle  ;  and  therefore  the 
xitQof 


ce^te 


'of  the  area  regarded  by  the 
20 


right 


eye 


and  the 
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spot  on  the  hand  or  book  pierced  by  the  left  visual  line 
are  also  brought  together  and  superposed. 

One  thing  more  to  complete  the  explanation :  The 
impression  on  the  right  eye  prevails  over  that  on  the 
left  —  the  impression  of  the  circular  area  obliterates 
that  of  the  corresponding  area  on  the  hand  or  book  for 
two  reasons :  first,  because  the  circular  area  is  strongly 
differentiated  from  the  rest  of  the  right-eye  field  of 
view  (i.  e.,  the  dark  interior  of  the  tube),  while  the  cor¬ 
responding  or  coincident  area  of  the  left-eye  field  (the 
hand  or  book)  is  not  thus  differentiated ;  and  second, 
because  both  eyes  are  focally  adjusted  for  the  distance 
of  the  object  seen  by  the  right  eye  only.  Thus  it  hap¬ 
pens  that  the  right  eye  sees  only  the  circular  area,  the 
rest  of  its  field  being  very  dark  ;  while  the  left  eye  sees 
all  its  field  except  the  spot  corresponding  to  and  cover¬ 
ing  the  circular  area.  Thus  the  binocular  observer  sees 
the  general  field  of  the  left  eye  (the  hand  .or  book),  in 
the  middle  of  which  he  also  sees  the  kr  area  of 
the  right-eye  field.  But  if  an  ink-spot  be  made  on  the 
back  of  the  hand  or  book  just  wherwKb  left  visual  line 
pierces  it,  the  impression  of  this^ffT  be  strong  enough 
to  resist  obliteration ;  the  st^^gJy  differentiated  ink- 
spot  will  be  seen  in  the>&rter  of  the  circular  area, 
as  shown  in  Fig.  140.  ^ 


CHAPTER  Y. 


VISUAL  PHENOMENA  IX  OCULAR  DIVERGENCE. 

The  only  normal  condition  of  the  optic  axes  is  either 
parallelism  or  convergence.  We  can  not  voluntarily 
make  the  optic  axes  divergent,  because  there  is  no  use¬ 
ful  purpose  subserved  by  such  a  position ;  there  would 
be  no  meeting  of  the  optic  axes,  and  therefore  no  point 
of  sight.  All  the  advantages  of  binocular  vision  are 
conditioned  on  convergence  only.  Divergc^eVould 
only  confuse  by  giving  false  information^  But,  al¬ 
though  the  power  of  divergence  coi  >e  of  no  use 
and  has  therefore  never  been  accmh@fcf  yet  under  cer¬ 
tain  circumstances  divergence  doe^jlcbur,  and  the  curi¬ 
ous  phenomena  which  then  follow  are  an  admirable 
illustration  of  the  principles^  binocular  vision  already 
set  forth.  We  will  give^QIpv  of  these  phenomena. 

1.  In  Drowsiness.^^Cra  well  known  that  in  extreme 
drowsiness,  when  5^se  control  over  the  ocular  mus¬ 
cles,  we  see  dou^emnages.  It  is  usually  believed  and 
taught  by  phj^^rogists  that  this  is  the  result  of  con¬ 
vergence  of  optic  axes  in  sleep.  I  know  of  no  ob- 
servatiori^phrporting  to  prove  this.  It  is  probably  an 
infera^j  from  the  contracted  state  of  the  pupils  in 
sleep^Sand  the  fact  that  contraction  of  the  pupils  is 
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usually  cou sensual  with  optic  convergence.*  This  view 
is  certainly  false.  Double  images  in  sleepiness  are  cer¬ 
tainly  due  to  divergence ,  not  convergence,  of  the  optic 


axes. 


In  extreme  drowsiness  I  have  often  observed  the 
object  which  I  was  regarding  (it  might  be  the  head  of 
a  dull  speaker)  divide  into  two  images,  which  then  sep¬ 
arated  more  and  more,  until  at  a  distance  of  30  feet 
they  were  10  to  15  feet  apart.  Even  under  these  con¬ 
ditions  I  have  found  it  possible  to  make  a  scientific  ex¬ 
periment.  Often,  control  over  the  ocular  muscles  is 
lost  even  while  consciousness  and  control  over  mental 
acts  is  still  perfect.  Often,  although  by  effort  I  could 
retain  control  over  the  eyes,  I  have  chosen  to  abandon 
it  in  order  to  make  the  following  experiments. 

Experiment  1. — As  soon  as  the  images  are  well  sep¬ 
arated,  I  wink  the  right  eye  :  immediately  the  left  im¬ 
age  disappears.  The  images  are  therefore  lieQjronymous. 
But  convergence  produces  homonymou^x^iages,  while 
parallelism  and,  a  fortiori,  divergencaropdvice  heterony¬ 
mous  images.  In  this  case  the  h^ponymous  images 
can  not  be  produced  by  mero^TJplelism,  because  this 
state  separates  the  images  (£i%Jur  interocular  space,  or 
about  2J-  inches,  whereas  rfp  images  may  be  separated 
many  feet :  therefore  tl^  are  produced  by  divergence . 
The  amount  of  dive^0»ce  is  easily  calculated.  At  a 
distance  of  30  feet^fseparation  of  the  double  images  of. 
10  feet  would  /Ecjwre  an  angular  divergence  of  the  optic 
axes  of  nearfe  t9°  ;  a  separation  of  15  feet  would  indi¬ 
cate  an  angiwar  divergence  of  28°. 


*  “  ^  steei 

ward. The  contracted  state  of  the  irides  in  sleep  is  a 

dependent  on  the  position  of  the  eyes,  which  are  turned  inward 
aha  upward.” — Muller,  “Physiology,”  Am.  ed.,  pp.  810  and  535. 


-y-  nyAeep  and  in  sleepiness  both  eyes  are  turned  inward  and  up- 
The  contracted  state  of  the  irides  in  sleep  is  a  consensual 
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In  every  such  experiment  the  consciousness  is  quick¬ 
ly  and  completely  aroused,  and  the  double  images  are 
speedily  reunited,  though  not  so  speedily  but  that  the 
result  is  unmistakable.  But,  lest  some  may  regard  the 
speedy  union  of  the  images  as  an  objection  to  this  ex¬ 
periment,  we  will  take  another. 

Experiment  2. — While  lying  abed  in  the  morning, 
if  one  gazes  on  vacancy,  objects  near  at  hand  (say  the 
bedpost)  are  doubled  heteronymously,  the  images  being 
2-|-  inches  apart.  If,  while  thus  gazing  and  observing 
the  heteronymous  images,  one  should  be  overtaken  by 
drowsiness  and  consequent  loss  of  control  over  the 
ocular  muscles,  he  will  see  that  the  already  heterony¬ 
mous  images  separate  more  and  more.  Now,  if  this 
were  due  to  convergence,  the  heteronymous  images 
would  approach,  unite,  cross  over,  and  become  homony¬ 
mous. 

It  is  certain,  then,  that  in  myself,  in  extreme  drow¬ 
siness,  wdien  control  over  the  ocular  muscle^kH^st,  and 
therefore  presumably  in  sleep,  the  eyes  diyQjjTe .  I  have 
also  satisfied  myself  that  my  case  is  notfexceptional  in 
this  respect,  for  my  results  have  beenS^rified  by  several 
other  persons.  I  think,  therefo^yS^may  assume  it  as 
a  general  law.  k 

Double  vision  is  also  a  wfiJknown  phenomenon  of 
extreme  intoxication.  Tht§^h natural  appearance  of  the 
eyes  in  such  cases  is^raro  want  of  parallelism  of  the 
optic  axes.  I  have  several  occasions  examined  the 
eyes  of  those  inHhis  sad  condition,  and  have  always 
found  the  ax&j^Slivergent.  This  seems  to  arise  from 
partial  of  the  ocular  muscles. 

If  vs^v^amine  the  eye-sockets  of  a  human  skull, 
we  fijjtl  that  their  axes  diverge  about  25°-30°.  This 
iSy^^ut  the  extreme  divergence  of  the  optic  axes  in 
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drowsiness.  It  is  probable,  therefore,  that  in  a  state  of 
perfect  relaxation  or  paralysis  of  the  ocular  muscles  the 
optic  axes  coincide  with  the  axes  of  the  conical  eye- 
sockets,  and  that  it  requires  some  degree  of  muscular 
contraction  to  bring  the  optic  axes  to  a  state  of  parallel¬ 
ism,  and  still  more  to  one  of  convergence,  as  in  every 
voluntary  act  of  sight.  In  the  human  eye,  therefore, 
and  also  in  that  of  the  highest  animals,  there  are  three 
conditions  of  the  optic  axes  :  first,  convergence,  as  when 
we  look  at  a  near  object ;  second,  parallelism,  as  when 
we  look  at  a  distant  object  or  gaze  on  vacancy ;  third, 
divergence ,  when  we  lose  control  over  the  ocular  mus¬ 
cles,  as  in  drowsiness,  in  drunkenness,  in  sleep,  and  in 
death.  The  first  requires  a  distinct  voluntary  contrac¬ 
tion  of  the  ocular  muscles;  in  the  second  there  is  no 
voluntary  action,  but  only  that  involuntary  tonic  con¬ 
traction  characteristic  of  the  healthy  waking  state ;  in 
the  third  the  relaxation  is  complete.  The  first  is  the 
active  state  of  the  eye,  the  second  the  passive 

state,  the  third  the  absolutely  passive  statf2> 

2.  Other  Modes  of  producing  Divergence —But  the 
divergence  of  the  optic  axes  mavA^effected  in  other 
ways.  In  most  normal  eyes  tfi^jpSssive  state  is  one  of 
parallelism.  It  is  easy  thei^ore  to  double  homony- 
mously  the  images  of  an  ob^?t  at  any  distance  by  con¬ 
vergence,  but  most  pemms  would  find  it  impossible 
voluntarily  to  doubfe®ie' images  of  a  very  distant  ob¬ 
ject,  as  for  examp(Ib  a  star,  heteronymously — i.  e.,  by 
divergence.  YetJinder  certain  conditions  a  slight  di¬ 
vergence  is  tjfcssible.  For  example,  I  find  I  can  (and 
I  believe  persons  can)  combine  with  the  naked  eyes 
and  w^Muatural  perspective  (i.  e.,  beyond  the  plane  of 
the  cam)  stereoscopic  pictures  in  which  identical  points 
fher  apart  than  the  interocular  distance.  I  can 
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not  always  succeed,  being  able  to  do  so  only  when  my 
mind  is  in  an  exceptionally  passive  state. 

Experiment  3 . — I  take  now  a  skeleton  stereoscopic 
diagram,  identical  points  in  the  background  of  which 
are  separated  by  a  space  greater  by  an  eighth  of  an  inch 
than  my  interocular  space.  By  holding  it  at  arm's 
length  so  as  to  make  the  divergence  as  small  as  possi¬ 
ble,  I  succeed  in  combining.  After  the  combination 
is  stable,  I  can  bring  the  card  nearer  and  nearer  until 
it  is  within  5  inches  of  my  eyes,  and  yet  the  combina- 
ation  is  retained.  But  this  corresponds  to  a  divergence 
of  only  1^°. 

Experiment  1±. — But  by  mechanical  force  vre  may 
make  the  eyes  diverge  40°  or  50°.  This  is  done  by  pres¬ 
sure  in  the  external  corner  of  the  eye.  By  thrusting  a 
finger  of  each  hand  into  the  external  corners  of  the  eyes 
I  can  make  the  two  images  of  an  object  directly  in  front 
separate  50°,  or  the  images  of  two  objects  situated  25° 
to  the  right  and  left  of  the  median  line,  an$hQ%3refore 
50°  apart  from  each  other,  come  to  the  fro£J>and  unite. 

The  following  diagrams  represent  explain  the 
visual  phenomena  in  divergence  of  tfe^optic  axes. 

In  Fig.  141,  which  represent^^E  actual  relation  of 
parts,  m  is  the  median  line  ^  %  the  visual  lines  or 
optic  axes  produced  ;  A ,  ancfmect  on  the  median  line  ; 
b  J,  two  similar  objects  in^we  direction  of  the  diverging 
visual  lines ;  and  r  r,&&) Imes  from  the  object  A.  Fig. 
142  shows  the  vis  pam  jult  if  the  lines  in  Fig.  141  were 
visible  lines  drawn-on  the  plane  described  on  page  2G6. 
It  will  be  seeir^at  by  heteronymous  shifting  and  then 
heteronyinOT^rotation  the  whole  diagram  represented 
by  FigA^l  ias  been  carried  and  rotated  by  the  right 
eye  t*A tne  position  of  the  lines  connected  by  the  un- 
prirQcr  vinculum,  and  by  the  left  eye  to  the  position 
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of  the  lines  connected  by  the  primed  vinculum.  By 
this  means  the  two  visual  lines  v  v  are  brought  together 
and  combined  as  the  common  visual  line  V,  and  two  of 
the  images  of  the  objects  b  b  are  brought  together  and 
superposed  at  B ;  the  median  line  is  doubled  and  ro- 


Fig.  141.  Fig.  142. 


tated  heteronymously  to  the  posk-&«s  m  carrying 
with  them  the  double  images  median  object  A 

as  a  a'.  The  above  diagranKcorrectly  represents  the 
position  and  the  distance  of  Sre  double  images  a  a\  and 
the  position  of  the  co(ftJjmed  image  B ,  but  can  not 
represent  the  distai^sgQi' the  combined  image,  because 
there  is  no  poiryb*  sight.  For  the  point  of  sight  is 
really  the  point  W'optic  convergence  or  meeting  of  vis¬ 
ual  lines  ;  ii \S$agrams  representing  visual  results,  it  is 
the  point {^Crossing  of  the  doubled  median  lines  ;  but 
this  p^^^  by  both  definitions,  would  be  in  this  case  be- 
hindjthe  head.  The  diagram  therefore  correctly  repre- 
all  the  visual  facts  ;  for,  there  being  in  divergence 
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no  point  of  sight,  the  distance  of  objects  in  the  visual 
line  is  indeterminate  as  represented.  It  is  impossible 
by  the  usual  method  to  correctly  represent  any  of  the 
visual  facts. 

3.  If  the  Law  of  Direction  be  opposed  to  the  Law  of 
Corresponding  Points,  the  Latter  will  prevail.— These 
two  most  fundamental  laws  of  vision  are  sometimes 
m  discordance  with  each  other.  The  reason  of  this 
may  be  thus  explained:  The  law  of  direction  is  the 
fundamental  law  of  monocular  vision,  as  the  law  of 
corresponding  points  is  of  binocular  vision.  Now,  for 
each  eye,  and  therefore  for  the  monocular  observer, 
direction  is  determined  by  reference  to  the  optic  axis , 
but  for  the  binocular  observer  by  reference  to  the  me¬ 
dian  line .  On  account  of  this  difference  of  line  of  ref¬ 
erence,  while  objects  seen  single  are  seen  in  their  true 
positions,  double  images  are  always  seen  in  positions 
different,  and  in  some  cases  widely  different,  from  the 
object  which  they  represent.  The  differenc^^Gimy  even 
amount  to  45°.  For  example :  The  bino<®ar  field  of 
view  in  my  own  case  is  100°  in  a  horizmtal  direction. 
By  strong  convergence  I  can  neamSJSFring  the  double 
images  of  the  root  of  my  nose  er,.  and  thus  oblit¬ 

erate  the  common  field.  I  am^kire  therefore  that  I  can 
make  the  optic  axes  of  myAwtf  eyes  cross  each  other  at 
right  angles.  In  such  a  0&T,  of  course,  objects  directly 
in  front  are  doubled^^S "  their  images  separated  90° 
from  each  other, objects  lying  to  the  right  and 
left  90°  from  each^other  are  brought  to  the  front  and 
their  imagesNfij^erposed.  Here  the  images  are  45° 
from  the  f proposition  of  the  objects  which  they  repre¬ 
sent.  Fig.  143  represents  the  actual  relation  of 

thing^Vn  this  case,  and  Fig.  144  the  visual  result,  show- 
ing^Jmf  the  positions  of  the  objects  M and  a  a  are  com- 
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pletely  reversed.  It  may  indeed  be  said  that  the  case 
of  a  a  seen  in  front  may  be  reconciled  with  the  law  of 
direction.  For,  if  the  combined  images  be  referred  to 


Fig.  143. 


;  '.'a 
//nS\ 

Ol  'O* 
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the  point  of  optic  convergence  A,  as  in  the  usual  mode 
of  representation,  then  each  eye  sees  its  own  object  in 


irection,  as  is  quickly  shown  by  shutting  one  of 
but  the  two  eyes  together  do  not.  Each  sees  its 
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fl¬ 


own  object  in  the  true  direction,  but  the  binocular  ob¬ 
server  sees  their  combination  in  a  wrong  direction.  In 
the  case  of  the  double  images  m  and  m!  (Fig.  144)  of 
the  object  M  (Fig.  143),  it  is  still  more  difficult  to  ex¬ 
plain  their  apparent  position  by  the  law  of  direction. 

A  curious  Corollary. — It  is  seen  that,  under  all  cir¬ 
cumstances,  if  the  median  visual  plane  coincides  wTith 
the  median  plane  of  the  head,  whatever  be  the  position 
of  the  optic  axes,  objects  in  the  visual  lines  are  moved 
to  the  front  and  seen  there.  Now  the  same  would  be 
true  if  our  eyes  were  turned  directly  outward  right  and 


Fig.  145. 
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Fig.  146. 
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left.  There  can  be  no  doub  f  we  could  turn 

our  eyes  directly  outward,  cosSif  our  eyes,  retaining 
their  present  organization  ima  properties  in  regard  to 
corresponding  points,  wej^transf erred  to  the  sides  of 
the  head  with  their  a^Jp^straight  right  and  left — i.  e., 
making  an  angle /ffiQsO°  with  each  other — images  of 
objects  in  the  ^  djw&ction  of  these  axes ,  and  therefore 
directly  rightist!  left,  would  be  moved  round  90° 
each,  and+efi^uned  and  seen  directly  in  front.  This 
seems  aft^s^raordinary  result,  but  it  is  a  necessary  con¬ 
sequence  of  the  law  of  corresponding  points.  The 
'3r  images  of  the  two  objects  are  on  corresponding 
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points,  viz.,  on  the  central  spots ;  therefore,  by  the  law 
of  corresponding  points,  they  must  he  seen  as  one . 
But  where  else  can  this  take  place  but  in  front  ?  The 
accompanying  figures  are  a  diagrammatic  representation 
of  these  facts,  Fig.  145  being  the  supposed  condition  of 
things,  and  Fig.  146  the  visual  result.  After  the  fre¬ 
quent  explanations  of  similar  figures,  a  bare  inspection 
will  be  sufficient. 

It  is  needless  to  say  that  this  is  a  purely  hypothet¬ 
ical  case.  If  any  animals  have  their  eyes  so  placed 
— i.  e.,  on  the  sides  of  the  head,  and  therefore  optic  axes 
like  Fig.  145 — they  can  not  have  corresponding  points 
nor  binocular  vision.  But  of  this  we  will  speak  fur¬ 
ther  in  the  next  chapter. 


CHAPTER  VI. 


COMPARATIVE  PHYSIOLOGY  OF  BINOCULAR  VISION 

As  we  can  not  enter  into  tlie  consciousness  of  ani¬ 
mals,  nor  communicate  intelligibly  with  them  in  regard 
to  their  visual  experiences,  we  can  only  judge  of  these 
by  the  structure  of  their  eyes.  Three  points  of  struc¬ 
ture  are  important  in  this  regard,  viz.,  the  optic  chiasm, 
the  position  of  the  optic  axes,  and  the  presence  or  ab¬ 
sence  of  &  fovea. 

Optic  Cliiasm. — It  will  be  remembered  thai  in  man, 
and  also  probably  in  most  vertebrates,  tli^Spmc  roots, 
after  leaving  the  brain,  converge  and  unif2*to  form  the 
chiasm,  and  then  again  diverge  as  Sop  Hie  nerves  en¬ 
ter  the  eye  sockets,  pierce  the  eyojvteid  spread  out  to 
form  the  retinae.  Furthermore^hlt  in  the  chiasm  the 
fibers  of  the  roots  partly  cros&tfter  to  form  the  fibers  of 
the  optic  nerve  on  the  other  side,  and  partly  do  not 
cross  over,  but  go  to  for^&ne  fibers  of  the  optic  nerve 
on  the  same  side.  ^Mmis  shown  diagrammatically  in 
Fig.  41,  page  119r  OH  tierefore  each  root  supplies  both 
optic  nerves,  ^anT^tnerefore  both  eyes,  and  conversely 
each  eye  is  supplied  by  both  roots  and  both  sides  of  the 
brain.  further,  it  is  probable  that  the  fibers  of 

each  rdot  supply  corresponding  halves  of  the  two  eyes. 
Tlmjqs^seems  to  be  no  doubt,  therefore,  that  the  optic 
chiasm,  and  especially  this  peculiar  partial  crossing  of 
>S>  297 
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the  fibers,  is  in  some  way — imperfectly  understood — in¬ 
timately  connected  with  the  use  of  the  two  eyes  as  one 
instrument — i.  e.,  with  binocular  vision.  I  said  espe¬ 
cially  the  peculiar  partial  crossing,  because  by  this  ar¬ 
rangement  each  side  of  the  brain  controls  both  eyes. 
The  bodily  crossing  over  of  fibers  would  not  have  this 
effect,  for  then  each  side  of  the  brain  would  supply 
the  opposite  eye. 

Now  the  optic  chiasm,  with  its  peculiar  partial  cross¬ 
ing  of  fibers,  is  probably  present  in  all  mammals  and 
birds,  and  possibly  in  reptiles  and  amphibians.  These, 
therefore,  probably  have,  in  a  greater  or  less  degree,  per¬ 
haps  imperfectly,  the  phenomena  of  binocular  vision. 
But  in  fishes  the  fibers  of  the  optic  roots  seem  to  cross 
bodily  over  to  form  the  optic  nerve  on  the  other  side. 
There  is  therefore  in  them  no  true  chiasm,  and  there¬ 
fore  no  true  consensual  movement  of  the  two  eyes  and 
no  binocular  vision.  We  shall  find  other  j^isons  for 
coming  to  this  conclusion  presently.  ' 

Nothing  at  all  resembling  an  optic  .d$asm  is  found 
in  any  invertebrate.  It  is  characterimb  of  vertebrates. 
No  invertebrate  enjoys  the  pligfimena  of  binocular 
vision .  , 

Position  of  the  Optic  .J-asKs. — In  man  the  axes  of 
the  eye-sockets  diverge  ajjjj^it  25°  from  one  another,  or 
about  12°  each  from^Jh^  median  plane  of  the  head. 
In  these  slightly  (hybrgent  sockets  the  eyeballs  are  so 
placed  that  thei'F  cynic  axes  are  parallel  in  a  natural  or 
passive  statp^ This  is  evidently  the  most  favorable 
position  foi^^sy  convergence  of  the  axes  on  an  object 
at  any  (fiance,  and  therefore  for  binocular  vision.  A 
less  dft^gence  of  the  sockets,  though  still  more  favor- 
ajff^lpr  convergence  on  a  very  near  object,  would  pro¬ 
duce  too  small  an  interocular  base  for  accurate  binocu- 
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lar  judgment  of  distance ;  a  greater  divergence  would 
destroy  parallelism  of  the  optic  axes  in  a  passive  state 
— i.  e.,  would  require  voluntary  effort  to  produce  and 
maintain  parallelism. 

The  apes  are  exactly  like  man  in  this  regard.  In 
them,  too,  the  eyes  are  naturally  parallel  in  a  passive 
state,  and  are  therefore  perfectly  adapted  for  binocular 
vision.  But  as  soon  as  we  go  lower  down  the  vertebrate 
scale  the  eyes  are  placed  wider  and  wider  apart,  the 
axes  of  the  eye-sockets  become  more  and  more  diver¬ 
gent,  and  with  them  the  normal  passive  position  of  the 
optic  axes  become  also  more  and  more  divergent,  until 
finally  in  fishes  the  eyes  are  placed  on  the  sides  of  the 
head  with  their  optic  axes  divergent  nearly  or  quite 
180°.  It  is  evident  that  eyes  so  placed  can  have  no 
common  field  of  view,  no  common  point  of  conver¬ 
gence,  no  point  of  sight,  and  no  binocular  vision.  Each 
eye  moves  and  sees  independently  of  the  other.  This 
may  be  seen  by  watching  fishes  in  an  aquari*n(qo 

In  all  mammals,  however,  except  perha^the  whales, 
the  divergence  of  the  eye-sockets  is  not^Gb  extreme  but 
that  by  voluntary  effort  they  may  b^made  to  converge 
with  their  optic  axes  on  an  ol0¥  They  therefore 
have  binocular  vision  in  variouMegrees  of  perfection — 
more  perfect  in  carnivores-Jess  perfect  in  herbivores, 
but  in  all  less  perfect  (Ejfeause  less  important  than 
in  man.  For  them  wj^kess  of  view  is  more  important 
than  attentive  examhQtion  and  accurate  binocular  judg¬ 
ment  of  distance.  ^For  example,  in  ruminants  the  eyes 
are  placed  on^N?e  extreme  margins  of  a  broad  front, 
perhaps  sbf  inches  apart,  and  are  very  protuberant. 
This  to^tlier  with  the  horizontal  elongation  of  their 
pupils^ives  them  a  very  wide  field  of  view.  There  is 
neuioubt  that  the  view  of  a  grazing  ruminant  sweeps  the 
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whole  horizon  without  moving  the  eyes  or  turning  the 
head.  T lie  advantages  of  easy  convergence  are  sacri¬ 
ficed  to  the  greater  advantages  of  a  wide  view. 

Birds  usually  have  their  eye-sockets  widely  diver¬ 
gent,  often  90°  to  100°  (Fig.  147).  Their  optic  axes  also 
seem  nearly  or  quite  coincident  with  the  socket  axes. 
This  divergence  is  far  too  great  to  admit  of  easy  con¬ 
vergence  of  the  optic  axes  on  an  object,  especially  a 
near  object.  Yet  most  birds  certainly  have  binocular 
vision.  To  make  this  possible,  however,  there  is  a 
peculiar  and  unique  retinal  structure,  of  which  we  shall 
speak  under  the  next  head. 

Fovea . — It  will  be  remembered  that  in  man  this 
most  highly  organized  spot  is  situated  at  the  point 
where  the  optic  axis  pierces  the  retina.  It  is  in  the 
very  center  of  the  retinal  concave,  and  about  it  the 
corresponding  points  of  the  two  retinae  are  symmetri¬ 
cally  arranged.  In  every  act  of  looking,  tli^yimages  of 
the  object  looked  at  are  made  to  fall  o^jtlmse  spots. 
This  is  the  necessary  condition  of  accura^  vision.  We 
have  usually  called  it  the  central  g?St  because  of  its 
centra]  position.  In  speaking  of^we  human  eye  this  is 
well,  but  in  comparative  anat(^yit  is  better  to  call  it 
the  fovea,  because  it  is  not  afovays  central . 

Now  in  mammals — a^ougli  there  is  usually  a  more 
highly  organized  centej feirea — a  tru e  fovea  is  wanting , 
except  in  the  anthl^w&d  apes.  In  these  latter  the  reti¬ 
nal  structure  is/pG^isely  like  man’s  in  this  regard.  In 
mammals,  however,  except  in  apes,  extremely  accurate 
vision  of  s&gle  objects  is  largely  sacrificed  to  the 
greatei^^vantages  of  a  tolerably  clear  vision  over  a 
very  %Me  field.  Their  safety  depends  on  this  latter. 
Itj^ll  be  remembered  (page  79)  that  in  man  the  parts 
flie  retina  at  a  little  distance  from  the  fovea  are  more 
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Fig.  147. 


sensitive  to  light  than  the  fovea  itself,  though  accurate 
observation  of  outline  and  details  of  surface  are  seen 
only  by  the  fovea.  Mammals’  eyes  are  as  sharp  as,  per¬ 
haps  sharper  than,  ours,  to  detect  the  presence  but  not  to 
discern  the  nature  of  objects.  This  is  probably  the 
reason  that  they  are  so  easily  startled  by  unaccustomed 
objects. 

The  case  of  birds  is  peculiar.  The  wide  diver¬ 
gence  of  their  optic  axes  (Fig.  147)  would  make  binoc¬ 
ular  vision  impossible  for  them  if  their  corresponding 
points  were  arranged 
like  ours — i.  e.,  symmet¬ 
rically  about  a  central 
fovea.  But,  strange  to 
say,  some  birds — perhaps 
most— ha/ve  two  fovece  in 
each  eye,  one  central — 
i.  e.,  in  the  optic  axes 
(Fig.  147  a) — the  other  in 
the  temporal  half  of  the 
retina  and  excentral  by 
about  60°  (Fig.  147  V). 

These  latter  are  so  placed 
that  lines  drawn  through 
them  and  through  the 
center  of  the  pupils 
parallel  each  to  the/ny!^  „  . 

1  '  s*  central  and  temporal  foveae  respectively. 

dian  plane  of  thfeJUead 

and  therefore  tq£gpe  another.  Evidently  these  temporal 
fovese  are^suiSoly  placed  for  convergence  on  a  common 
point  of^mh,  and  therefore  for  binocular  vision.  Evi- 
dentl^alsb  corresponding  points  must  be  arranged  about 
the&Qupwith  us  about  the  central  fovese.  Evidently 
th^r  central  fovese  can  be  used  only  for  monocular  not 


JZ) 

njKCTioN  op  Bird’s  Head.  (After  Slona- 
?i  -'ker )  V  V ,  monocular  visual  lines; 
v  v',  -  binocular  visual  lines;  a  a',  b  b\ 
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for  binocular  vision.  Bat  it  is  tliis  central  fovea  which 
is  the  most  distinct  and  therefore  most  highly  organ¬ 


ized.  Therefore  their  binocular  vision  is  less  perfect 
than  ours,  or  even  than  their  monocular  vision.  Hence 
it  is  that  a  bird  when  it  wishes  to  look  attentively  turns 
the  head  and  looks  with  one  eye  so  as  to  bring  the 
image  on  the  central  fovea.  So  far  as  the  central  fovea 
is  concerned  they  use  their  eyes  independently  of  one 
another — each  eye  looks  for  itself. 

Neither  of  these  two  fovese  of  birds  can  be  regarded 
as  homologous  with  that  of  man.  Taking  the  entrance 
of  the  optic  nerve — or  the  blind  spot  o  as  the  term  of 
comparison — our  fovea  is  temporal ,  but  it  is  central  in 
regard  to  the  optic  axis.  In  birds  the  entrance  of  the 
optic  nerve  or  blind  spots  is  between  the  two  fovese. 
The  one  is  central  to  the  optic  axis  but  nasal  to  the 
blind  spot,  the  other  is,  like  ours,  temporal  to  the  blind 
spot  but  excentral  to  the  optic  axis. 

Fovese  and  corresponding  points  probably  de¬ 
veloped  together,  and  both  their  ^Gktence  and  their 
place  is  determined  by  the  posith&vof  the  eyes  and  the 
habits  of  the  animal,  especiallQjMooking  attentively. 

Thus  then,  judging  alikXfrom  the  chiasm,  the  posi¬ 
tion  of  the  eyes,  or  by  thp  existence  and  position  of  the 
fovea,  we  conclude  tl^jHoinocular  vision  becomes  less 
and  less  perfect  descend  the  scale  and  finally 

disappears  in  theQpSvest  vertebrates.  In  invertebrates 
we  find  nothing^at  all  like  a  chiasm  nor  a  fovea.  In 
many  of  the  eyes  are  also  immovably  fixed.  We 
are  justified  in  thinking  that  the  phenomena  of  binoc- 
ularOraibn  do  not  exist  in  them. 


CHAPTEE  VII. 


TI1E  EVOLUTION  OF  THE  EYE . 


The  history  of  the  origin  and  gradual  evolution  of 
this  most  refined  instrument  has  always  been  regarded 
as  among  the  most  insoluble  of  mysteries.  Eecently, 
however,  some  important  light  has  been  thrown  on  it. 
A  brief  outline  of  what  is  known  is  here  given,  as  a 
fitting  close  of  this  little  volume. 


1.  The  Invertebrate  Eye.  t 

General  sensibility  to  light  is  coextensiv^Samh  life. 
It  is  found  in  the  lowest  protozoa  and  e^fcrin  plants. 
This  is  not  special  sense;  but,  in  a^^tlance  with  a 
general  law,  all  useful  functions  aj^G)y  evolution  soon 
specialized  and  localized  in  sepai*akaJ>rgans.  It  is  prob¬ 
able  that  the  first  beginnings'^  the  origin  of  a  light¬ 
perceiving  organ  was  detej0ined  by  the  stimulus  of 
light  itself  on  the  epidemi|jl  surface.  Certain  groups 
of  epithelial  cells  ar<  Sreby  modified  by  elongation  ; 
a  nerve  fiber  comtfecp'  itself  with  each  cell,  and  pig¬ 
mentary  matter  <j&  deposited  at  their  base.  This  is  the 
beginning  of  fight-perceiving  part  of  the  eye — viz., 
the  baeillj&j^nd  pigmentary  layers.  Such  deposit  of 
pigmentgray  matter  for  light- absorption  and  such  spe- 
ciali^alpji  of  nerve-terminals  for  light-perception,  or  re- 
spdnse  ' to  ethereal  vibration,  may  take  place  in  any  ex- 
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posed  part  of  the  body.  Why  it  occurs  in  spots  we 
know  not,  any  more  than  we  know  why  freckles  come 
in  spots.  It  may  occur  anywhere,  but  usually  near  the 
most  important  ganglion — the  cephalic — and  therefore 
in  the  head.  Thus  far  we  have  a  simple  mechanism  for 
perception  of  light,  but  not  yet  of  objects ,  for  we  have 
not  yet  an  image-forming  instrument.  Such  a  pig¬ 
mented  group  of  modified  cells  with  specialized  nerve 


Fig.  148. 

6 


a 


c 


simple  lens-image;  /,  compoun^ens-image;  r ,  retina;  on,  optic  nerve;  v,  vi¬ 
treous  humor;  l,  lens;  cor,  critojeff. 


mals  (Fig.  a ). 

The  step  is  a  slight  saucer-shaped  depression 

of  thVsapdified  spot  with  a  slightly  raised  rim  about  it, 
as  sm^vh  in  b .  This  condition  is  found  in  the  solen . 
TiMjiese  headless  mollusks  the  eye-spots  are  strung  all 
Trong  the  edge  of  the  mantle.  Next  the  depression  be- 
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comes  deeper  and  cup-shaped,  and  the  rim  higher.  This 
is  found  in  the  limpet  {Patella),  c.  This  is  an  improve¬ 
ment  in  so  far  as  the  light  sensitive  spot  is  protected 
and  the  impression  is  stronger  by  reverberation  within 
the  hollow.  The  eye-spot  in  these  are  on  the  head . 

Thus  far  we  have  eye-spots ,  not  true  eyes — an  organ 
perceiving  light  but  not  objects.  The  next  step  is  found 
in  the  nautilus  {d).  In  this  case  the  raised  margin 
of  the  hollow  is  drawn  together  until  only  a  pin-liole- 
opening  remains.  Now  for  the  first  time  we  have  an 
inverted  image  on  the  concave  retina,  but  as  yet  only 
a  pin-hole-image.  We  have  already  seen  (page  19),  the 
imperfection  of  such  an  image,  and  therefore  the  im¬ 
perfect  and  blurred  perception  of  objects. 

The  next  step  is  found  in  the  trochus  and  many 
other  gasteropods — for  example,  the  snail  {e).  The  pin¬ 
hole-opening  is  closed  although  the  point  of  closing 
remains  transjmrent,  and  the  hollow  is  filled  wUlk  trans¬ 
parent  refractive  substance,  which  may  be^Sbned  to 
the  vitreous  humor,  although  often  callqq  the  lens. 
Here,  then,  we  have  a  concave  retircQvith  bacillary 
layer — a  refracting  humor — a  tran&pjC^nt  cornea  which 
may  also  be  called  a  pupil.  Iil  case  we  have  an 
image  formed  by  a  lens — a  letffimage — and  therefore 
a  far  more  perfect  perceptid^of  objects. 

The  next  and  final  st^H^found  in  the  squid  (f).  In 
this  animal  that  portm!jv*)f  the  epithelial  surface  which 
covers  the  front  lie  eye,  by  a  cuticular  ingrowth 
forms  a  lens ;  «a$^  by  folds  of  the  epidermal  surface 
lids  are  also  f^ned.  In  fact,  nearly  all  the  parts  of 
the  vertel^sJe  eye  are  found  in  these.  In  this  case, 
therefore^we  have,  as  in  the  vertebrate  eye,  not  only  a 
lens^hr$%e,  but  a  coynpound  lens-image. 

^Tnat  we  have  really  given  a  true  outline  of  the  evo- 
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lution  of  tlie  invertebrate  eye  is  shown  by  the  fact  that 
these  very  steps  are  taken  in  the  embryonic  develop¬ 
ment  of  the  eye  of  the  squid.  First  a  spot  becomes 
depressed  with  a  raised  rim  about  it.  Then  the  rim 
rises  so  as  to  make  a  deep  hollow.  Then  the  edges  of 
the  deep  concave  closes  until  only  a  pin -hoi  e-opening  is 
left.  Then  the  opening  closes  and  the  hollow  becomes 
a  vesicle  filled  with  refractive  matter — the  vitreous  hu¬ 
mor.  Then  a  cuticular  ingrowth  from  the  central 
point  of  the  surface  forms  the  lens,  and  last  iris  and 
lids  are  added. 

We  have  given  only  the  barest  outlines  of  the  most 
important  steps.  There  are  many  intermediate  steps 
not  mentioned.  We  have  said  nothing,  also,  of  the 
compound  eye  of  insects  and  crustaceans,  because  these 
are  wholly  peculiar  and  out  of  the  line  of  the  gradual 
evolution  of  this  organ.  Thus  far  we  find  nothing  like 
an  optic  chiasm,  nor  fovea,  and  almost  c^ainly  the 
phenomena  of  binocular  vision  have  notsrot  appeared. 
From  the  manner  in  which  the  fibei*^£erminate  it  is 
evident  that  there  can  be  no  blind 


1.  The  Vertebxayy'Eye. 

There  are  two  great  cTjfrjh  essential  differences  in 
structure  and  mode  of  J0mation  between  the  inverte¬ 
brate  and  the  vertelWfee)  eye.  1.  In  the  invertebrate 
eye  the  nerve  fibers^rminate  directly  in  the  inner  ends 
of  the  nerve  to^hynals  or  retinal  rods,  and  the  farther 
ends  of  tlie^e^ok  forward  and  outward  to  receive  the 
light.  Th^^eems  the  most  natural  mode,  and  is  uni¬ 
versal ^taxfre  nerve  terminals  of  all  other  senses  in  all 
aniin^i^  But  in  man  and  in  all  vertebrates  the  fibers 
qfcrae  optic  nerve  turn  haeh  on  themselves  and  termi¬ 
nate  in  the  outer  ends  of  the  rods  and  cones,  and  the 
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extreme  ends  of  these  latter  look  backward  and  inward 
(Fig.  24,  page  53).  This  is  wholly  exceptional  among 
nerve  terminals.  2.  It  is  seen  that  in  invertebrates  the 
whole  eye — both  retina  and  lens,  both  receiving  plate 
and  image-making  instrument — is  made  from  the  epi¬ 
dermal  epithelium.  But  in  man  and  in  all  vertebrates 
embryology  shows  that  the  eye  is  formed  partly  by  en¬ 
folding  of  the  epidermal  epithelium  and  partly  by  the 
^folding  of  the  brain  vesicle  and  its  epithelial  lining ; 
the  image-making  instrument  is  made  from  the  epi- 
derm,  and  the  receptive  plate,  the  retina,  from  the 
brain. 

The  steps  of  the  whole  process  is  briefly  as  follows : 
The  brain  in  very  early  embryonic  condition  consists  of 
three  hollow  vesicles  in  linear  series.  From  the  ante¬ 
rior  one  of  these — the  thalamus  and  cerebrum — origi¬ 
nates  the  retinal  part  of  the  eye  by  an  Avoiding  on 
each  side  (Fig.  149,  A).  This  outfolding  continues  until 
the  subordinate  vesicle — the  optic  vesicle,  w^h  is  to 
become  the  retina — is  connected  with  therahain  vesicle 
only  by  a  narrow  neck  which  becoines^ife  optic  nerve 
(Fig.  149,  B).  In  the  meantime  the&^has  commenced 
a  corresponding  mfolding  froni/tw^epidermal  surface 
to  form  the  lens,  and  this  is  i^iafty  separated  from  its 
epidermal  connection  (B).  ©bxt,  the  optic  vesicle  is 
infolded  on  its  anterior  pipaee  like  a  double  nightcap, 
so  that  its  middle  pi  eomes  widely  separated  from 
the  lens  ( C ).  Of  VMvtwo  layers  of  the  optic  vesicle 
thus  formed  the  ^Jjbrior  one,  r,  becomes  the  retina,  and 
the  posterior  ch ,  the  choroid.  Now  the  whole  in¬ 

terior  of^thAJ&rain  vesicle,  and  therefore  of^the  optic 
vesicleN^Jmed  with  a  continuous  pavement  of  epithe¬ 
lial  cehsS  Therefore,  in  the  two  layers  r  and  ch  of  the 
cofK^vl  retina,  the  posterior  surface  of  the  anterior 
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layer,  and  the  anterior  surface  of  the  posterior  layer  are 
epithelial  (7)).  Now,  as  already  said,  the  anterior  layer 
becomes  the  retina,  and  therefore  this  posterior  epithe¬ 
lial  part  becomes  the  bacillary  layer.  Similarly  the  an¬ 
terior  or  epithelial  part  of  the  posterior  layer  becomes 


Fio.  149. 


r 


the  pigmentary  of 

reason  that  the  cWroid  is 


retina.  Likjj  Mpe  retina,  its  origin  is  cerebral.  From 
this  moc^e%|-origin  it  is  evident  that  the  bacillary  layer 
is  the<^^fc  posterior  part  of  the  retina,  instead  of  the 
mos^Vimerior  as  in  invertebrates :  and  that  the  fibres 
dack  to  terminate  in  the  rods  and  cones.  It  is 
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this  peculiarity  which  makes  a  blind  spot.  The  rest 
of  the  eye — the  vitreous  humor,  the  sclerotic,  etc. — are 
formed  by  modification  of  the  adjacent  tissues. 

It  is  seen,  then,  that  in  both  the  invertebrate  and 
the  vertebrate  eye  the  retinal  rods  are  transformed  epi¬ 
thelial  cells  in  which  nerve  fibers  terminate  ;  but  in  the 
one  case  these  are  of  epidermal  origin,  in  the  other  they 
originate  from  the  epithelial  lining  of  the  brain.  But 
the  difference  between  these  two  modes  of  origin  is  not 
so  great  as  it  at  first  seems.  For  of  the  three  original 
layers  of  the  embryo — the  ectoderm,  the  endoderm,  and 
the  mesoderm — the  nerve  centers  are  formed  by  an  in¬ 
folding  of  the  outer  one — the  ectoderm ;  and  therefore 
the  lining  epithelium  of  the  brain  vesicle  and  of  the 
optic  vesicle  is  really  an  inf  olded part  of  the  epidermal 
epithelium.  This  is  shown  in  Fig.  149,  A. 


Transition  from  Invertebrate  to  Vertebrat^^ye. 

We  see  then  that  the  line  of  evolution  is(^Tntinuous 
for  the  invertebrate  eye,  but  how  did  vertebrate 
eye  come  out  of  the  invertebrate  eye  ^here  has  been 
much  discussion  and  many  theorie^7)p<his  point,  but  the 
most  probable  one  seems  to  be  th^ofBeranek.*  Accord¬ 
ing  to  him  the  lens  of  the  vert©rate  eye  is  not  homolo¬ 
gous  with  the  lens  of  inveiM&fates,  but  rather  with  the 
whole  eye  of  irwertebrateCyty  he  lens  of  the  invertebrate 
eye  is  not  formed  b$  folding  of  the  epidermal  surface, 
but  by  cuticular  insplwth  at  the  point  of  closure  of  the 
optic  vesicle.  the  contrary,  the  lens  of  the  verte¬ 
brate  eye  ^^Jmed  by  infolding  of  the  epidermal  sur¬ 
face,  pr^^y  as  is  the  whole  eye  of  invertebrates. 
Therefore/  according  to  Beranek,  in  the  primitive  ver- 

*  Arch,  des  Sciences,  vol.  xxiv,  p.  361,  1890. 
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tebrate,  in  fact  before  the  vertebrate  character  was 
fully  declared,  the  eye  was  formed  after  the  manner  of 
the  invertebrate  eye  by  epidermal  infolding,  but  still  in 
an  imperfect  condition,  like  c  or  d  or  0,  Fig.  148,  with 
the  posterior  part  forming  a  retina,  and  fibers  terminat¬ 
ing  in  the  usual  way  forward,  but  the  optic  vesicle 
(epidermo-optic  vesicle)  almost  or  quite  touching  the 
cephalic  ganglion — i.  e.,  with  very  short  or  no  optic 
nerve  (Fig.  149,  E).  Under  these  conditions  direct 
stimulation  of  brain  vesicle  might  well  develop  an  ad¬ 
ditional  optic  vesicle  (cerebro- optic  vesicle)  and  an  addi¬ 
tional  retina  (cerebral  retina).  The  new  retina  gradu¬ 
ally  replaced  the  old,  the  previous  eye  became  the  lens 
only,  the  retinal  part  being  transformed  into  its  poste¬ 
rior  part,  which  is  known  to  have  a  different  structure 
from  the  anterior.  The  vitreous  humor  was  of  course 
afterward  filled  in  between. 


The  perfecting  of  the  Vertebrates^^ 

The  gradual  evolution  of  the  inve^brate  eve  is 
satisfactory.  The  transition  from  invertebrate  to 
the  vertebrate  eye  is  doubtful.  Bwvhenceforward  the 
line  of  evolution  is  retaken  and(gdimnues  very  regularly. 
We  have  already,  in  the  pr&ogus  chapter,  some  of  these 
stages.  We  now  give  tl^uMariefly  in  the  order  of  evo¬ 
lution.  (\ 

In  the  lowest  ojH^oi  vertebrates — the  Fishes — the 
eve,  though  fo irnGfr.  on  a  different  plan,  is  probably  no 
better  than  a  squid’s.  In  fishes  the  eyes  are  placed 
well  on  the^SePes  of  the  head,  with  their  axes  so  widely 
divergenf^that  their  fields  of  view  do  not  to  any  extent 
oveid^v  There  is  no  consensual  movement — each  eye 
mo^es  for  itself.  There  is  no  common  field  of  view — 
Ereye  looks  for  itself.  There  is  no  common  point 
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of  sight,  and  therefore  no  corresponding  points  of  the 
two  retinae,  and  therefore  also  no  binocular  vision  and  no 
accurate  judgment  of  solid  form  and  relative  distance 
based  on  binocular  perspective. 

Leaving  out  amphibians  and  reptiles,  of  which  we 
know  little,  in  Birds ,  although  their  optic  axes  are 
still  widely  divergent,  yet  by  a  unique  arrangement 
of  corresponding  points  about  a  very  excentral  fovea, 
binocular  vision  becomes  possible  for  them,  although 
their  most  perfect  vision  is  still  monocular.  Birds  are 
a  very  highly  specialized  class  of  vertebrates  in  many 
respects.  It  is  not  strange  that  they  should  be  so  in 
vision  also. 

In  mammals  the  eyes  are  brought  more  and  more 
to  the  front ;  the  optic  axes  more  and  more  nearly  par¬ 
allel  in  a  passive  state  ;  the  convergence  of  the  axes  on 
a  point  of  sight  becomes  more  and  more  easy  ;  and  with 
this  comes  the  gradual  development  of  corresponding 
points  about  a  more  highly  organized  eentrqjftpya,  and 
thus  all  the  phenomena  of  binocular  vj^n  and  the 
judgments  based  thereon.  But  in  mamffteus,  generally, 
attentive  observation  and  accurate  jAfception  of  details 
at  the  point  of  sight  is  sacrifice^Hj^Mlie  greater  advan¬ 
tages  of  an  almost  equal  visiok  over  a  very  wide  field. 
The  sight  of  mammals  is  normnbt  keen,  perhaps  keener 
than  ours  in  detection  of  greets,  but  not,  I  think,  in  de¬ 
termining  their  charaft£& 

Only  in  the  ae1©^poid  apes  do  we  find  the  eyes 
brought  fairly  to  Vfee  front  with  the  optic  axes  parallel 
in  a  passive  and  a  highly  organized  central  fovea 

added,  and^^fon  thus  made  far  more  accurate  at  the 
point  o^J^ht.  It  is  evident  that  this  is  the  essen¬ 
tial  addition  of  attentive  examination  of  the  object 
l<v>^Ql  at. 
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Finally,  in  man  again,  ont  of  this  there  came 
thoughtful  attention  to  the  object  looked  at  to  the  par¬ 
tial  exclusion  of  other  things,  which  seems  to  be  a  neces¬ 
sary  condition  of  the  emergence  of  the  higher  faculties 
of  the  mind.  The  existence  of  the  fovea  is  necessary 
to  the  concentration  of  attention  on  the  thing  looked 

o 

at.  For  how  could  we  attend  to  one  thing  if  all  other 
things  were  equally  distinctly  seen  ?  The  same  law  is 
carried  up  from  the  physical  into  the  higher  psychical 
field.  Concentration  of  thought  on  the  subject  thought 
of  is  a  necessary  condition  of  effective  thought-work. 
The  mind'S  eye,  too,  must  have  its  fovea,  or  we  do  no 
effective  work.  The  mind’s  eye  also  must  be  binocular 
(page  178)  or  we  get  no  true  moral  perspective. 
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suits.”—  Journal  of  Education,  Boston. 

“  Professor  Young’s  work  is  essentially  a  record  of  facts  and  achievements,  rather 
than  of  theories  and  attempts  at  the  interpretation  of  mysteries  :  yet  the  great  ques¬ 
tions  still  remaining  to  be  answered  are  of  course  discussed,  and  in  a  masterly  man¬ 
ner  ” — Philadelphia  Evening  Bulletin. 

“  It  is  one  of  the  best  books  of  popular  science  ever  written,  and  deserves  a  host  of 
readers.” — The  Dial ,  Chicago. 

“You  feel  throughout  that  a  master  is  leading  you  amid  the  intricacies  and  mazes 
of  one  of  the  most  absorbing  of  studies.  .  .  .  Many  a  one  whose  views  are  hazy  and 
dim  will  find  here  just  that  enlightenment,  without  an  overburdened  technicality,  that 
will  prove  most  useful.  ’ — The  Interior. 
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HE  STORY  OF  THE  SUN.  By  Sir  Robert  S. 
Ball,  F.  R.  S.,  author  of  “An  Atlas  of  Astronomy,”  “The 
Cause  of  an  Be  Age,”  etc.  8vo.  Cloth,  $5.00. 

“Sir  Robert  Ball  has  the  happy  gift  of  making  abstruse  problems  intelligible  to  the 
*  wayfaring  man’  by  the  aid  of  simple  language  and  a  few  diagrams,  v^&ence  moves 
so  fast  that  there  was  room  for  a  volume  which  should  enlighten  th^5«nefyd  reader  on 
the  present  state  of  knowledge  about  so'ar  phenomena,  and  thayp^fce  the  present 
treatise  admirably  fills.” — London  Chronicle. 

“As  a  specimen  of  the  publisher's  art  it  is  superb.  It  n^MnSted  on  paper  which 
entices  the  reader  to  make  marginal  notes  of  reference  t^^mer  books  in  his  library, 
the  type  is  large,  the  binding  is  excellent,  and  the  vo^d^e^is  neither  too  large  nor 
too  small  to  handle  without  fatigue.” — New  York  Heij* 


volume's 

dr 

0$N&mY.  By  Sir  Robert 
ifV^tronomy 


/IN  ATLAS  OF  ASTRC 

■FJ-  S.  Ball,  F.  R.  S.,  Professor  cQ^tronomy  and  Geometry  at  the 
University  of  Cambridge  ^Ouithor  of  “  Starland,”  “  The  Cause 
of  an  Ice  Age,”  etc.  Wlfii  72  Plates,  Explanatory  Text,  and 
Complete  Index.  2fto.  Cloth,  $4.00. 

“The  high  reputation  of  Srf^JSobert  Ball  as  a  writer  on  astronomy  at  once  popular 
and  scientific  is  in  itself  rffonNfcJran  sufficient  recommendation  of  his  newly  published 
‘  Atlas  of  Astronomy.’  rl\g  Jntes  are  clear  and  well  arranged,  and  those  of  them  which 
represent  the  more  stukingaspects  of  the  more  important  heavenly  bodies  are  very 
beautifully  executed^  &)ie  introduction  is  written  with  Sir  Robert  Ball’s  well-known 
lucidity  and  simplu»^0i  exposition,  and  altogether  the  Atlas  is  admirably  adapted  to 
meet  the  needs^it^/smooth  the  difficulties  of  young  and  inexperienced  students  of 
astronomy,  a«AifclSis  materially  to  assist  the  researches  of  those  that  are  more  advanced.” 

•  ■  ^ 
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New  York:  D.  APPLETON  &  CO.,  72  Fifth  Avenue. 
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ANDBOOK  OF  BIRDS  OF  EASTERN 


NORTH  AMERICA.  With  Keys  to  the  Species,  Descrip¬ 
tions  of  their  Plumages,  Nests,  etc.  ;  their  Distribution  and  Migra¬ 
tion.  Treating  of  all  the  birds,  some  five  hundred  and  forty  in  num¬ 
ber,  which  have  been  found  east  of  the  Mississippi  River,  and  from 
the  Arctic  Ocean  to  the  Gulf  of  Mexico.  By  Frank  M.  Chapman. 
Assistant  Curator  of  Mammalogy  and  Ornithology,  American  Museum 
of  Natural  History.  With  over  200  Illustrations.  i2mo.  Library 
Edition,  cloth,  $3.00  ;  Pocket  Edition,  flexible  covers,  $3.50. 

The  author’s  position  has  not  only  given  him  exceptional  opportunities  for  the 
preparation  of  a  work  which  may  be  considered  as  authoritative,  but  has  brought  him 
in  direct  contact  with  beginners  in  the  study  of  birds  whose  wants  he  thus  thoroughly 
understands.  The  technicalities  so  confusing  to  the  amateur  are  avoided,  and  by  the 
use  of  illustrations,  concise  descriptions,  analytical  keys,  dates  of  migration,  and  re¬ 
marks  on  distribution,  haunts,  notes,  and  characteristic  habits,  the  problem  of  identi¬ 
fication,  either  in  the  field  or  study,  is  reduced  to  its  simplest  terms. 

OPINIONS  OF  ORNITHOLOGISTS  AND  THE  PRESS. 

“  Written  in  simple,  non-technical  language,  with  special  reference  to  the  needs  of 
amateurs  and  bird-lovers,  yet  with  an  accuracy  of  detail  that  makes  it  a  standard 
authority  on  the  birds  of  eastern  North  America.” — J.  A.  A  Ren,  Editor  of  The  Auk. 

“  lam  delighted  with  the  ‘Handbook.’  So  entirely  trustworthy  and  up  to  date 
that  I  can  heartily  recommend  it.  It  seems  to  me  the  best  all-around  thing  we  have 
had  yet.” — Olive  Thorne  Miller.  A 

“  The  ‘  Handbook  ’  is  destined  to  fill  a  place  in  ornithology  sim^knHpjhat  held  by 
Gray’s  ‘  Manual  ’  in  botany.  One  seldom  finds  so  many  good  tb*a^,  in  a  single  vol¬ 
ume,  and  1  can  not  recommend  it  too  highly.  Its  conciseness  aMVr&dom  from  errors, 
together  with  its  many  original  ideas,  make  it  the  standard  \yflfrI\oTits  class.” — John 
H.  Sage ,  Secretary  of  the  American  Ornithologists'  UnioifS^ 

“  Your  charming  and  most  useful  little  book.  .  .  .  l^hl^good  reason  to  expect  an 
excellent  book  of  the  kind  from  your  pen,  and  certain+Oferve  not  been  disappointed. 
We  receive  here  very  many  inquiries  concerning book  on  birds,  or  rather.  I 
should  say,  a  book  so  combining  popular  and  stientjfi^features  as  to  render  it  both 
entertaining  and  instructive.  To  all  such  inqufne^i^iave  been  obliged  to  reply  that 
no  such  book  existed.  Now,  however,  the  ‘  lqnVfelt  want  ’  has  been  satisfactorily  sup¬ 
plied  ;  and  it  will  give  me  great  pleasure  ttfal^ver  such  inquiries  in  future  in  a  dif¬ 
ferentway.” — Robert  Rid  gw  ay,  United  SiatebWational  Museum,  Washington,  D.  C. 

“  A  book  so  free  from  technicalitiej^lyjb  be  intelligible  to  a  fourteen-year-old  boy, 
and  so  convenient  and  full  of  originalQjfonnalion  as  to  be  indispensable  to  the  work¬ 
ing  ornithologist.  .  .  .  As  a  handtoShk  the  birds  of  eastern  North  America  it  ir 
bound  to  supersede  all  other  Science. 

“The  author  has  succeed£c\rh  presenting  to  the  reader  clearly  and  vividly  a  vast 
amount  of  useful  m{oxmAt\fn. '\JJhi lade  fhia  P/ess. 

“A  valuable  book,  information  compactly  and  conveniently  arranged.”^' 

New  York  Sim.  4 

“  A  charming  basjK^t  interest  to  every  naturalist  or  student  of  natural  history.”-— 
Cincinnati  Times\>t\r. 


“  The 
Tribune. 
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meet  a  want  felt  by  nearly  every  bird  observer.” — Minneapolis 
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THE  LIBRARY  OF  USEFUL  STORIES. 

Each  book  complete  in  itself.  By  writers  of  authority  in  their  various 
spheres.  i6mo.  Cloth ,  40  cents  per  volume. 

NOW  READY. 

'HE  STORY  OF  THE  STARS.  By  G.  F.  Cham- 

bers,  F.  R.  A.  S.,  author  of  “  Handbook  of  Descriptive  and 
Practical  Astronomy,”  etc.  With  24  Illustrations. 

“The  author  presents  his  wonderful  and  at  times  bewildering  facts  in  a  bright  and 
cheery  spirit  that  makes  the  book  doubly  attractive.” — Bostoji  Home  Journal. 

f'HE  STORY  OF  “ PRIMITIVE”  MAN.  By 

JL  Edward  Clodd,  author  of  “  The  Story  of  Creation,”  etc. 

“  No  candid  person  will  deny  that  Mr.  Clodd  has  come  as  near  as  any'’  one  at  this 
time  is  likely  to  come  to  an  authentic  exposition  of  all  the  information  hitherto  gained 
regarding  the  earlier  stages  in  the  evolution  of  mankind.” — New  York  Cun. 

HE  STORY  OF  THE  PLANTS.  By  Grant 

Allen,  author  of  “  Flowers  and  their  Pedigrees,”  etc. 

“As  fascinating  in  style  as  a  fit  st  class  story  of  fiction,  and  is  a  simple  and  clear 
exposition  of  plant  life.” — Boston  Hon  e  Journal. 

TIE  STORY  OF  THE  EARTH.  By  H.  G. 

Seeley,  F.  R.  S.,  Professor  of  Geography  in  King’s  College, 


T 


T 


London.  With  Illustrations. 


“  It  is  doubtful  if  the  fascinating  story  of  the  planet  on  which 
viously  told  so  clearly  and  at  the  same  time  so  comprehensively. 


ich  we  liv^S^s 
y.”— J 

nr  HE  STORY  OF  THE  SOLAR  sd&TE 

1  G.  F.  Chambers,  F.  R.  A.  S.  JS^ 

“  Any  intelligent  reader  can  get  clear  ideas  of  the  moxbq&u*,  of  the  w 
.  .  .Will  impart  a  wise  knowledge  of  astronomical  womfSIteV — Chicago 


been  pre- 
dvertiscr. 


FAT.  By 


f'lTE  STORY  OF  A  PI. 


rorlds  about  us. 
Chicago  Inter-Occan. 


IF  COAL 

A.  Martin,  F.  G.  S.  ^ 

“  The  value  and  importance  of  this  volum^nr 
outward  appearance.” — Chicago  Record,  (ft 

'Jf'. II E  STORY  OFrf&fiyECTRICITY. 


By  E. 


Munro,  C.  E. 


“  The  book  is  an  ex  cell 
ak.ne  on  the  desk  of  the  st/dei 
New  York  Tnnes. 


ttoiV,  c 


■nre  out  of  all  proportion  to  its  size  and 


By  John 


crammed  full  of  facts,  and  deserves  a  place  not 
ut  on  the  workbench  of  the  practical  electrician.” — 
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"HE  STpMW  OF  EXTINCT  CIVILIZATIONS 

OF  TU^  EAST.  By  Robert  Anderson,  M.A.,  F.  A.  S.» 
autl^^\N“  Early  England,”  “  The  Stuart  Period,”  etc. 


autlidr^Bt^”  Earl 
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EGENERATION.  By  Professor  Max  Nordau. 


Translated  from  the  second  edition  of  the  German  work.  8vo. 
Cloth,  $3.50. 


“A  powerful,  trenchant,  savage  attack  on  all  the  leading  literary  and  artistic  idols  of 
the  time  by  a  man  of  great  intellectual  power,  immense  range  of  knowledge,  and  the 
possessor  of  a  lucid  style  rare  among  German  writers,  and  becoming  rarer  everywhere, 
owing  to  the  very  influences  which  Nordau  attacks  with  such  unsparing  energy,  such 
eager  hatred.” — London  Chronicle . 

“  The  wit  and  learning,  the  literary  ski’l  and  the  scientific  method,  the  righteous  in¬ 
dignation,  and  the  ungoverned  prejudice. displayed  in  Herr  Max  Nordau’s  treatise  on 
4  Degeneration  ’  attracted  to  it,  on  its  first  appearance  in  Germany,  an  attention  that 
was  partly  admiring  and  partly  astonished.” — London  Standard. 

“  Let  us  say  at  once  that  the  English-reading  public  should  be  grateful  for  an 
English  rendering  of  Max  Nordau’s  polemic.  It  will  provide  society  with  a  subject 
that  may  last  as  long  as  the  present  Government.  .  .  .  We  read  the  pages  without 
finding  one  dull,  sometimes  in  reluctant  agreement,  sometimes  with  amused  content, 
sometimes  with  angry  indignation.” — London  Saturday  Review. 

“Herr  Nordau’s  book  fills  a  void,  not  merely  in  the  systems  of  Lomhroso,  as  he 
says,  but  in  all  existing  systems  of  English  and  American  ciiticism  with  which  we  are 
acquainted.  It  is  not  literary  criticism,  pure  and  simple,  though  it  is  not  lacking  in 
literary  qualities  of  a  high  O’der,  but  it  is  something  which  has  long  been  needed,  for 
of  literary  criticism,  so  called,  good,  bad,  and  indifferent,  there  is  always  an  abundance; 
but  it  is  scientific  ciiticism— the  penetration  to  and  the  interpretation  of  the  spirit 
within  the  letter,  the  apprehension  of  motives  as  well  as  means,  and  the  comprehension 
of  temporal  effects  as  well  as  final  results,  its  explanation,  classification,  and  largely 
condemnation,  for  it  is  not  a  healthy  condition  which  he  has  studied,  but  its  absence, 
its  loss  ;  it  is  degeneration.  .  .  .  He  has  written  a  great  book,  which  every  thourhtful 
lover  of  art  and  literature  and  every  serious  student  of  sociology  and  morality  should 
read  carefully  and  ponder  slowly  and  wisely.” — Richard  Henry  Stoddard,  in  The 
Mail  and  Express. 

“The  book  is  one  of  more  than  ordinary  interest.  Nothing  W^Jikl  it  has  ever 
been  written.  Agree  or  disagree  with  its  conclusions,  wholly  or/j^Vart,  no  one  can 
Fail  to  recognize  the  force  of  its  argument  and  the  timeliness  oUAu/j  unctions.”—  Chi¬ 
cago  Evening  Post. 

“A  most  absorbing  book,  and  is  likely  to  displace  4  TrifBV^as  a  subject  of  popular 
discussion.” — Chicago  Tribune. 

“  A  ponderous  volume  whose  every  page  is  fulL*ri^b^est.  So  full  is  it  in  detail,  so 
scientific  in  its  method,  so  irresistible  in  its  invitaionit^co  troversy,  that  it  must  get 
the  worlds  of  arts  and  letters  by  the  ears.” — r*wrk  Recorder.  . 

“  The  intense  interest  currently  shown  in  jfhfcVibject  treated  in  the  book,  the  original 
ideas  it  offers,  and  the  imperturbable  spirit  ontbe  scientific  investigator  which  animates 
and  sustains  the  author,  will  unquestion command  for  it  in  this  country  the  atten¬ 
tion  it  has  received  abroad ;  and  iyto^j^be  safely  predicted  that  4  Degeneration  ’ 
already  known  here  :n  literary  circleg3i§Jfestined  to  attain  an  immediate  and  widespread 
popularity.” — PhiladclpJ  '  T 

“This  fascinating  am  estive  book  gives  a  picture  of  the  aesthetic  mani¬ 
festations  of  the  times,  d  are  adroitness,  vigor,  and  command  of  satire,  and 


it  will  be  found  to  hold  a  ^(iwiiu.11  has  not  been  occupied.” — Cincinnati  Commercial - 


44  Certain  to  arows^i^torm  of  discussion.” — Philadelphia  Ledger. 

“The  interest /tfWWT 4  Degeneration  ’  causes  in  the  reader  is  intense.” — New  Yorh 
Times. 
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Recent  Volumes  of  the  International  Scientific  Series. 


'HE  A  URORA  BOREALIS.  By  Alfred  Angot, 

Honorary  Meteorologist  to  the  Central  Meteorological  Office 


of  France.  With  18  Illustrations.  $1.75. 


While  there  have  been  many  monographs  in  different  languages  upon  vaiious 
phases  of  this  subject,  there  has  been  a  want  of  a  convenient  and  comprehensive  sur¬ 
vey  of  the  whole  field.  Prof  Angot  has  cited  a  few  illustrations  of  each  class  of  phe¬ 
nomena,  and  without  encumbering  his  book  with  a  mass  of  minor  details,  he  presents  a 
picture  of  the  actual  state  of  present  knowledge,  with  a  summary  both  of  definite  results 
and  of  the  points  demanding  additional  investigation. 


HE  EVOLUTION  OF  THE  ART  OF  MUSIC. 

By  C.  Hubert  H.  Parry,  D.  L.  C.,  M.A.,  etc.  $r-75. 


Dr.  Parry’s  high  rank  among  modern  writers  upon  music  assures  to  this  book  a 
cordial  welcome.  It  was  first  published  as  “  The  Art  of  Music,”  in  octavo  foim.  'lhe 
title  of  this  revised  edition  has  been  slight'y  amplified,  with  a  view  of  suggesting  the 
intention  of  the  work  more  effectually. 


’ HAT  IS  ELECTRICITY ?  By  John  Trow¬ 


bridge,  S.  D.,  Rumford  Professor  and  Lecturer  on  the  Appli¬ 
cations  of  Science  to  the  Useful  Arts,  Harvard  University. 
Illustrated.  $1.50. 


Prof.  Trowbridge’s  long  experience  both  as  an  original  investigator  and  as  a 
teacher  imparts  a  peculiar  value  to  this  important  work.  Finding  that  no  treatise  could 
be  recommended  which  answers  the  question,  What  is  Electricity  ?  satisfactorily,  he 


/  ui  UHUL  auu  Jicai,  aitu  uic 
answer  for  h^Atitular  ques- 


PA&P  By  T.  G. 

^lessor  of  Geology 


CE-  WORK,  PRESENT  AND  P. 

Bonney,  D.  Sc.,  F.  R.  S.,  F. 


at  University  College,  London. 

In  his  work  Prof.  Bonney  has  endeavored  t/gV?&reater  prominence  to  those 
facts  of  glacial  geology  on  which  all  inferences founded.  After  setting  forth 


the  facts  shown  in  various  regions,  he  has  gfcn  the  various  interpretations  which 
have  been  proposed,  adding  his  comments  and*wmcisms.  He  also  explains  a  method 
by  which  he  believes  we  can  approximate  to  me  temperature  at  various  places  during 
the  Glacial  epoch,  and  the  different  explanations  of  this  general  refrigeration  are  stared 
and  briefly  discussed. 

IWT O  VEMENT.  J.  Marey,  Member  of  the 

^  ^  Institute  and  o£*t(J5)Academy  of  Medicine  ;  Professor  at  the 
College  of  Fr.nl^reJ;  Author  of  “Animal  Mechanism.”  Trans¬ 
lated  by  Iv-i££ritchard,  M.  A.  With  200  Illustrations.  $1.75. 

The  present  wode«ra£l!?ribes  the  methods  employed  in  the  extended  development  of 
photography  of  mewjg  objects  attained  in  the  last  few  years,  and  shows  the  importance 
of  such  research^m  mechanics  and  other  departments  of  physics,  the  fine  arts,  physi¬ 
ology  and  *  '  dgy,  and  in  regulating  the  walking  or  marching  of  men  and  the  gait  of 
horses.  ,  V - 
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HTHE  STOR  Y  OF  ARC  HI  TEC  7  URE.  An  Outline 

of  the  Styles  in  all  Countries.  By  Charles  Thompson  Math¬ 
ews,  Fellow  of  the  American  Institute  of  Architects  ;  author  of 
“  The  Renaissance  under  the  Valois,”  etc.  Illustrated.  121110. 
Cloth,  $3.00. 

This  compact  yet  comprehensive  history  of  architecture  offers  a  study  of 
the  effects  of  civilization  upon  architecture  as  a  necessity  and  an  art.  Almost 
all  the  architectural  monuments  specially  referred  to  are  described  from 
personal  knowledge.  American  architecture  receives  careful  attention,  and 
Asiatic  and  Oriental  architecture,  usually  neglected  in  such  boc  ks,  is  dis¬ 
cussed  with  an  exceptional  fullness  of  information.  As  regards  the  various 
phases  of  European  architecture,  the  book  will  be  found  to  be  of  constant 
value  to  travelers  as  well  as  to  students,  while  in  its  comprehensiveness,  in¬ 
forming  quality,  and  the  extent  of  the  illustrations,  it  fills  a  place  with  the 
general  reader  which  has  long  been  vacant. 


SCHOOLS  AND  MASTERS  OF  SCULPTURE. 

By  A.  G.  Radcliffe.  With  35  full-page  Illustrations.  i2mo. 
Cloth,  $3.00. 


“A  comprehensive  and  judicious  history  of  the  art  of  sculpture,  each  chapter  giv¬ 
ing  a  clear  and  distinct  account  of  the  condition,  character,  and  progress  of  the  art. 
.  .  .  Gives  a  very  excellent  account  of  the  collections  ot  sculpture  in  the  American 
galleries  and  museums.” — Boston  Transcript . 


“It  would  be  difficult  to  name  another  work  that  would  be  so  v  Liable  to  the  gen¬ 
eral  reader  on  the  same  subject  as  this  book.  .  .  .  All  has  been  s^3t>wn  that  it  is 
necessary  for  the  lay  reader  to  know.” — San  Francisco  Bulletin. 

“  Free  of  all  unnecessary  technicalities,  and  abounds  in  th^ 
intelligent  student  of  art  will  like  to  know  and  remember  ” — Cfi 

“  Invaluable  as  a  history  of  sculpture  that  can  be^nS^CTStood  by  the  general 
reader.” — Philadelphia  Press. 


testing  facts  the 
luter-Ocean. 


(SCHOOLS  AND  MAS T/(f^ OF  PAINTING. 

With  an  Appendix  on  the  Pnfoipal  Galleries  of  Europe.  By 
,t<© 


A.  G.  Radcliffe,  Illustrate 
and  partly  rewritten,  iji 


Entirely  new  edition,  revised, 
Cloth,  $3.00  ;  calf,  $5.00. 

“  The  volume  is  one  of  great  utility,  and  may  be  used  to  advantage  as  an 

artistic  guide  book  by  persons^Lmpl^'tne  collections  of  Italy,  France,  and  Germary 
for  the  first  time.  The  tweU^i^reat  pictures  of  the  world,  which  are  familiar  by 
copies  and  engravings  to  alkwfcaliave  the  slightest  tincture  of  taste  for  art,  are  described 
in  a  special  chapter,  whicm  aroFas  a  convenient  stepping-stone  to  a  just  appreciation  of 
the  most  celebrated  mastessb^f  painting.  An  important  feature  of  the  work,  and  one 
which  may  save  the  tJftkeler  much  time  and  exnense.  is  the  sketch  presented  in  the 
appendix  of  the  galhtflfi?  of  Florence,  Rome,  Paris,  Venice,  Dresden,  and  other  Eurp- 
pean  collections,  York  Tribune. 
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NEW  EDITION  OF  PROF.  HUXLEY'S  ESSAYS. 

/COLLECTED  ESSA  YS.  By  Thomas  H.  Huxley. 

New  complete  edition,  with  revisions,  the  Essays  being  grouped 
according  to  general  subject.  In  nine  volumes,  a  new  Intro- 
duction  accompanying  each  volume.  i2mo.  Cloth,  $1.25  per 
volume. 


Vol.  I.— METHOD  AND  RESULTS. 

Vol.  II. — DARW1NIANA. 

Vol.  III.— SCIENCE  AND  EDUCATION. 

Vcl.  IV. — SCIENCE  AND  HEBREW  TRADITION. 

Vol.  V.— SCIENCE  AND  CHRISTIAN  TRADITION. 

Vol.  VI.— HUME. 

Vol.  VII.— MAN’S  PLACE  IN  NATURE. 

Vol.  VIII.— DISCOURSES,  BIOLOGICAL  AND  GEOLOGICAL. 
Vol.  IX.— EVOLUTION  AND  ETHICS,  AND  OTHER  ESSAYS. 


“  Mr.  Huxley  has  covered  a  vast  variety  of  topics  during  the  last  quarter  of  a 
century.  It  gives  one  an  agreeable  surprise  to  1<  ok  ever  the  tables  of  contents  and 
note  the  immense  territory  which  he  lias  explored.  To  read  these  books  carefully 
and  studiously  is  to  become  thoroughly  acquainted  with  the  most  advanced  thought 
on  a  large  number  of  topics.” — New  1  o/k  Herald. 

‘  The  series  will  be  a  welcome  one.  There  are  few  writings  o^N 


bre  abstruse 


isions  are  the  last 
^  one  of  earlier  date 
iial  and  most  authorita- 


problems  of  science  better  adapted  to  reading  by  the  general  pu  d  in  this  form 

the  books  will  be  well  in  the  reach  of  the  investigator.  .  .  . 
expected  to  be  made  by  the  author,  and  his  introductions^ 
than  a  few  months  ago  [1893b  so  they  may  be  considered 
tive  utterances.” — Chicago  Times.  X? 

It  was  inevitable  that  his  essays  should  be  call^df^yn  a  completed  form,  and  they 
will  be  a  source  of  delight  and  profit  to  all  who  re /I  tlVnv  He  has  always  commanded 
a  hearing,  and  as  a  master  of  the  literary  styl^inVridng  scientific  essays  he  is  worthy 
of  a  place  among  the  great  English  essavistKpf  the  day.  This  edition  of  his  essays 
will  be  widely  read,  and  gives  his  scientific  a  permanent  form.” — Boston  Herald. 

“A  man  whose  brilliancy  is  so  cohsttuT^  as  that  of  Prof.  Huxley  will  always  com¬ 
mand  readers;  and  the  utterances  whura^e  here  collected  are  not  the  least  in  weight 
and  luminous  beauty  of  those  with  w^ngt  the  author  has  long  delighted  the  reading 
world.” — Philadelphia  Press.  . 

“The  connected  arrangema^^f  the  essays  which  their  reissue  permits  brings  into 
fuller  relief  Mr.  Huxley’s  oaasfc^  powers  of  exposition.  Sweeping  the  subject-matter 
clear  of  all  logomachies.  Me  le|sthe  light  of  common  day  fall  upon  it.  He  shows  that 
the  place  of  hypothesis  in  sei/ice,  as  the  starting  point  of  verification  of  the  phenomena 
to  be  explained,  is  lyjt^jkextension  of  the  assumptions  which  underlie  actions  in  every¬ 
day  affairs;  and  thEft^dje  method  of  scientific  investigation  is  only  the  method  which 
rules  the  ordinary  fnhtmess  of  life.” — London  Chronicle. 

NWYbrk : 


D.  APPLETON  Sc  CO.,  72  Fifth  Avenue. 


D.  APPLETON  AND  COMPANY’S  PUBLICATIONS. 


THE  ANTHROPOLOGICAL  SERIES. 


NOW  READY. 


T 


HE  BEGINNINGS  OF  ART.  By  Ernst 

Grosse,  Professor  of  Philosophy  in  the  University  of  Freiburg. 
A  new  volume  in  the  Anthropological  Series,  edited  by  Pro 
fessor  Frederick  Starr.  Illustrated.  i2mo.  Cloth,  $1.75. 


This  is  an  inquiry  into  the  laws  which  control  the  life  and  development  of  art,  and 
into  the  relations  existing  between  it  and  certain  forms  of  civilization.  The  origin  of 
an  artistic  activity  should  be  sought  among  the  most  primitive  peoples,  like  the  native 
Australians,  the  Mineopies  of  the  Andaman  Islands,  the  Botocudos  of  South  America, 
and  tiie  Eskimos ;  and  with  these  alone  the  author  studies  his  subject.  Their  arts  are 
regarded  as  a  social  phenomenon  and  a  social  function,  and  are  classified  as  arts  of  rest 
and  arts  of  motion.  The  arts  of  rest  comprise  decoration,  first  of  the  body  by  scarifica¬ 
tion,  painting,  tattooing,  and  dress;  and  then  of  implements— painting  and  sculpture ; 
while  the  arts  of  motion  are  the  dance  (a  living  sculpture),  poetry  or  song,  with  rhythm, 
and  music. 


IV 


OMAN'S  SHARE  IN  PRIMITIVE  CUL¬ 
TURE.  By  Otis  Tufton  Mason,  A.  M.,  Curator  of  the 
Department  of  Ethnology  in  the  United  States  National  Mu¬ 
seum.  With  numerous  Illustrations.  121110.  Cloth,  Si. 75. 

“  A  most  interesting  rfanmd  of  the  revelations  which  science  has  made  concerning 
the  habits  of  human  beings  in  primitive  times,  and  especially  as  to  the  place,  the  duties, 
and  the  customs  of  women.” — Philadelphia  Inquirer . 

y A IIE  PYGMIES.  By  A.  de  Quatrefages,  late 

Professor  of  Anthropology  at  the  Museum  ofNatps^l  History, 
Paris.  With  numerous  Illustrations.  i2mo.  $>1.75. 

“  Probably  no  one  was  better  equipped  to  illustrate  the  general^ySject  than  Quatre¬ 
fages.  While  constantly  occupied  upon  the  anatomical  and  ajs^eous  phases  of  his  sub¬ 
ject,  he  was  none  the  less  well  acquainted  with  what  literau*rVahd  history  had  to  say 
concerning  the  pygmies.  .  .  .  This  book  ought  to  be  in^^ry  aivinity  school  in  whicn 
man  as  well  as  God  is  studied,  and  from  which  missiona»*^go  out  to  convert  the  human 
being  of  reality  and  not  the  man  of  rhetoric  and  texub^ltkgl” — Boston  Literary  World. 

y^HE  BEGINNINGS  OE^mRITING.  By  W.  J. 

Hoffman,  M.  D.  With  numtfra^s  Illustrations.  i2mo.  Cloth, 
$i-75- 

This  interesting  book  gives  a  most  a^&^ve  account  of  the  rude  methods  employed 
by  primitive  man  for  recording  his  day^AThe  earliest  writing  consists  of  pictographs 
which  were  traced  on  stone,  woodStreng,  1?Kins,  and  various  paperlike  substances.  Dr. 
Hoffman  shows  how  the  severalN^ses  of  symbols  used  in  these  records  are  to  be  in¬ 
terpreted,  and  traces  the  grmytlp^onventionnl  signs  up  to  syllabaries  and  alphabet?-  — 
the  two  classes  of  signs  eipplo^r  by  modern  peoples. 

'IN  PREPARATION. 

THE  SOLNiGQSEA  ISLANDERS.  By  Dr.  Schmeltz. 

THE  By  Frank  Hamilton  Cushing. 

THR^v&YECS.  By  Mrs.  Zelia  Nuttall. 
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New  Volumes  in  the  International  Education  Series. 


RO E BEL'S  ED  UCA  TIONAL  LA  WS  FOR  ALL 
TEACHERS.  By  Jamf.s  L.  Hughes,  Inspector  of  Schools, 
Toronto.  Vol.  41,  International  Education  Series.  i2mo. 

Cloth,  $1.50. 

The  aim  of  this  book  is  to  give  a  simple  exposition  of  the  most  important  prirc'ples 
of  Froebel’s  educational  philosophy,  and  to  make  suggestions  regarding  the  applicati<  n 
of  these  principles  to  the  work  of  the  schoolroom  m  teaching  and  iraining.  It  will 
answer  the  question  often  propounded,  How  far  beyond  the  kindergarten  can  Froebel’s 
principles  be  successfully  applied  ? 

CHOOL  MANAGEMENT  AND  SCHOOL 

METHODS.  By  Dr.  J.  Baldwin,  Professor  of  Pedagogy  in 
the  University  of  Texas;  Author  of  “  Elementary  Psychology 
and  Education  ”  and  “  Psychology  applied  to  the  Art  of  Teach¬ 
ing.”  Vol.  40,  International  Education  Series.  i2mo.  Cloth, 
$1.50. 

This  is  eminently  an  everyday  working  bcok  for  teach"  rs;  practical,  suggestive, 
inspiring.  It  presents  clearly  the  best  things  achieved,  and  points  the  way  to  better 
things.  School  organization,  school  control,  and  school  methods  are  studies  anew  from 
the  standpoint  of  pupil  betterment.  The  teacher  is  led  to  create  the  ideal  school,  em¬ 
bodying  all  that  is  best  in  school  work,  and  stimulated  to  endeavor  earnestly  to  realize 
the  ideal. 


Principles  and  practice  of  teach- 

-*■  I  EG.  By  James  Johonnot.  Revised  by  Sarah  Evans 

Johonnot.  i2mo.  Cloth,  $1.50.  vCj 

This  book  embodies  in  a  compact  form  the  results  of  the  wide  e*«ei»ence  and  careful 
reflection  of  an  enthusiastic  teacher  and  school  supervisor.  Mnji^Jbnnot  as  an  educa¬ 
tional  reformer  helped  thousands  of  struggling  teachers  who  b*fe\rought  over  the  rural 
school  methods  into  village  school  work.  He  made  life  \\;brib  living  to  them.  Kis 
help,  through  the  pages  of  this  book,  will  aid  other  thou^ifedV in  the  same  struggle  to 
adopt  the  better  methods  that  are  possible  in  the  grat&^?chool.  The  teacher  who 
aspires  to  better  his  instruction  will  read  this  book  uijjjQjjofit. 


D  MORAL  DE - 

DID.  Containing  the  Chap- 
iign.^VI  emory,  Imagination,  and  Con- 
5tt2oMPAYRE.  Translated  from  the 
N,  B.  L.  Smith  College,  Member  of 
Child  Study,  University  of  Cali- 


PHE  INTELLECTUA 
*  VELOPMENT  OF  THE t 
ters  on  Perception,  Emoti 
sciousness.  By  Gabri; 

French  by  Mary 
the  Graduate  Sem^s^i 
fornia.  $i.5<y* 

The  object  of  the  prel^fwork  is  to  bring  together  in  a  systematic,  pedagogical 
form  what  is  known  raearding  the  development  of  infant  children,  so  far  as  the  facts 
have  any  bearing  up^fl^rly  education.  It  contains  the  chapters  on  Perception,  Emo¬ 
tion,  Memory,  IrrfffluKation,  and  Consciousness.  Another  volume  will  follow,  com¬ 
pleting  the  workffA*?discussing  the  subjects  of  Judgment,  Learning  to  Talk,  Activity, 
Moral  Sens*,*  Character,  Morbid  Tendencies,  Selfhood,  and  Personality. 
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1. IE  WARFARE  OF  SCIENCE  WITH  THE- 

OLOGY.  A  History  of  the  Warfare  of  Science  with  Theology 
in  Christendom.  By  Andrew  D.  White,  LL.  D.,  late  Presi¬ 
dent  and  Professor  of  History  at  Cornell  University.  In  two 
volumes.  8vo.  Cloth,  $5.00. 


“The  story  of  the  struggle  of  searchers  after  truth  with  the  organized  forces  of 
ignorance,  bigotry,  and  superstition  is  the  most  inspiring  chapter  in  the  whole  history 
of  mankind,  't  hat  story  has  never  been  better  told  than  by  the  ex-President  of  Cor¬ 
nell  University  in  these  two  volumes.  ...  A  wonderful  story  it  is  that  he  tells.” — 
London  Daily  Chronicle. 

“  A  literary  event  of  prime  importance  is  the  appearance  of  'A  History  of  the  War¬ 
fare  of  Science  with  Theolugy  in  Christendom.’  ” — Philadelphia  Press . 

“Such  an  honest  and  thorough  treatment  of  the  subject  in  all  its  bearings  that  it 
will  carry  weight  and  be  accepted  as  an  authority  in  tracing  the  process  by  which  the 
scientific  method  has  come  to  be  supreme  in  modern  thought  and  life.” — Boston  Herald. 

“  A  great  work  of  a  great  man  upon  great  subjects,  and  will  always  be  a  religio- 
scientific  classic.” — Chicago  Evening  Post. 


“  It  is  graphic,  lucid,  even-tempered  -  never  bitter  nor  vindictive, 
human  progress  should  fail  to  read  these  volumes.  While  they  have  ; 
fascination  of  a  well-told  tale,  they  are  also  crowded  with  the  facts  c 
had  a  tremendous  bearing  upon  the  development  of  the  race.” 

“  The  same  liberal  spirit  that  marked  his  public  life  is  seer^n^ne  pages  of  his  book, 
giving  it  a  zest  and  interest  that  can  not  fail  to  secure  for  i^Trearty  commendation  and 
honest  praise.” — PJiiladelphia  Public  Ledger. 


“  A  conscientious  summary  of  the  body  of  leai  , 
during  long  years  of  research.  ...  A  monumd^^c 

0  most  instructive  review  that  has  ever 


tc^which  it  relates  accumulated 
Tndustry.” — N.  Y.  Evening  Post. 


“  A  work  which  constitutes  in  many 
been  written  of  the  evolution  of  human 
.  .  .  As  a  contribution  to  the  literaj 
tance  of  which  can  not  be  easily. 


pledge  in  its  conflict  with  dogmatic  belief. 
\  liberal  thought,  the  book  is  one  the  impor- 
-Boston  Beacon. 


“  The  most  valuable  contri^^on  that  has  yet  been  made  to  the  history  of  the  con¬ 
flicts  between  the  theologisVsajd  the  scientists.” — Buffalo  Commercial. 


“  Undoubtedly  thewl^t  exhaustive  treatise  which  has  been  written  on  this  subject. 
.  .  .  Able,  schoiarlj^^itical,  impartial  in  tone  and  exhaustive  in  treatment.”—  Boston 
Advertiser.  ♦  _ 
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HT&E  INTELLECTUAL  RISE  IN  ELECTRICI¬ 
TY.  A  History.  By  Park  Benjamin,  Ph.D.,  LL.B.,  Member 
of  the  American  Institute  of  Mechanical  Engineers,  Associate 
Member  of  the  Society  of  Naval  Architects  and  Marine  Engi¬ 
neers,  etc.  With  Three  Portraits.  Svo.  Cloth,  $4.00. 

“  Mr.  Benjamin  surely  has  produced  a  book  that  will  find  interested  readers  through¬ 
out  the  entire  world,  for  wherever  electricity  goes  as  a  commercial  commodity  a  desite 
to  know  of  its  discovery  and  development  will  be  awakened,  and  the  desire  can  be  satis¬ 
fied  through  no  more  delightful  channel  than  through  the  information  contained  in  this 
book.” — New  York  Times. 


“Mr.  Benjamin  has  pe  formed  his  self  imposed  task  in  an  admirable  fashion,  and 
has  produced  a  work  which  has  a  distinct  historical  value.” — Brooklyn  Eagle. 

“  A  work  that  takes  a  high  rank  as  a  history  dealing  with  an  abstruse  topic,  but 
bestowing  on  it  a  wealth  of  vital  interest,  pouring  over  it  streams  of  needed  light,  and 
touching  all  with  a  graceful  literary  skill  that  leaves  nothing  to  be  desired.” — New  York 
Mail  and  Express. 


“  A  very  comprehensive  and  thorough  study  of  electricity  in  its  infancy.  He  pre¬ 
sents  his  matter  clearly  and  in  an  interesting  form.  His  volume  is  one  of  especial  value 
to  the  electrical  student,  and  the  average  reader  will  read  it  with  interest.” — Milwaukee 
Journal. 

“  The  work  is  distinctly  a  history.  No  technical  preparation  i 


1  to  read  it, 
volve  difficulty. 


ought  to  have  at  hand 
prove  instructive  reading 


and  it  is  free  from  all  mathematical  or  other  discussions  which  1 
The  style  is,  in  the  main,  excellent.” — Science. 

“  A  remarkable  book.  ...  A  book  which  every  electj 
for  reference — historic,  not  scientific  reference — and 
to  the  thoughtful  of  all  classes.” — New  York  HerA 

“  The  most  complete  and  satisfactory  sutfve^af'the  subject  yet  presented  to  the 
reading  public.  ...  A  volume  which  will  anpS^to  an  ever-increasing  body  of  people  ; 
and  as  a  reference  book  it  will  prove  in valuawa/o  writers  on  the  development  and  utility 
of  electricity.  ’ ’ — Philadelphia  Evcnini  rffijletin. 

“The  leading  work  on  the  subbiwu^ny  language.” — New  York  Evening  Post. 

“  One  of  the  best  works  d^S^^n  to  the  development  of  the  great  force  of  modern 
time  that  has  been  published  fqjie  last  decade.” — New  York  Commercial  Advertiser. 

“  The  author  has  writtart^i  plain  and  simple  history  of  the  beginnings  of  electrical 
science,  none  the  lfessC^fet  rather  the  more  valuable  because,  without  dilution  or  sac¬ 
rifice  of  accuracy>RVhas  excluded  mere  technicalities  and  gratuitous  scientific  demon¬ 
strations.'1— yFJfib&mphia  Press. 

- 
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lONEERS  OF  SCIENCE  IN  AMERICA. 


Sketches  of  their  Lives  and  Scientific  Work.  Edited  and  re¬ 
vised  by  William  Jay  Youmans,  M.  D.  With  Portraits. 
8vo.  Cloth,  $4.00. 

Impelled  solely  by  an  enthusiastic  love  of  Nature,  and  neither  asking 
nor  receiving  outside  aid,  these  early  workers  opened  the  way  and  initiated 
the  movement  through  which  American  science  has  reached  its  present  com¬ 
manding  position.  This  book  gives  some  account  of  these  men,  their  early 
struggles,  their  scientific  labors,  and,  whenever  possible,  something  of  their 
personal  characteristics.  This  information,  often  very  difficult  to  obtain,  has 
been  collected  from  a  great  variety  of  sources,  with  the  utmost  care  to  secure 
accuracy.  It  is  presented  in  a  series  of  sketches,  some  fifty  in  all,  each  with 
a  single  exception  accompanied  with  a  well-authenticated  portrait. 

“  Fills  a  place  that  needed  filling,  and  is  likely  to  be  widely  read." — N.  Y.  Sun. 

“  It  is  certainly  a  useful  and  convenient  volume,  and  readable  too,  if  we  judge  cor¬ 
rectly  of  the  degree  of  accuracy  of  the  whole  by  critical  examination  of  those  cases 
iii  which  our  own  knowledge  enables  us  to  form  an  opinion.  ...  In  general,  it  seems 
to  us  that  the  handy  volume  is  specially  to  be  commended  for  setting  in  just  historical 
perspective  many  of  the  earlier  scientists  who  are  neither  very  generally  nor  very  well 
known.” — New  York  Evening  Post. 

“  A  wonderfully  interesting  volume.  Many  a  young  man  will  find  it  fascinating. 
The  compilation  of  the  book  is  a  work  well  done,  well  worth  the  doing.” — Philadelphia 
Press.  \ 

“  One  of  the  most  valuable  books  which  w'e  have  received.” — riostou  Advertiser. 

“  A  book  of  no  little  educational  value.  .  .  .  An  extremely  v£$ble  work  of  refer¬ 
ence.” — Boston  Beacon. 

“  A  valuable  handbook  for  those  whose  work  runs  on  tW5%psame  lines,  and  is  likely 
to  prove  of  lasting  interest  to  those  for  whom  ‘ les  docuifU^taAiumai  •’  are  second  only 
to  history  in  importance — nay,  are  a  vital  part  of  histo jtf&*Boston  Transcript. 

“  A  biographical  history  of  science  in  A ir.erica|now worthy  for  its  completeness  and 
scope.  ...  All  of  the  sketches  are  cxcellently/prq!*w€d  and  unusually  interesting.”  — 
Chicago  Record. 

“One  of  the  most  valuable  contributions  to^fmerican  literature  recently  made.  .  .  . 
The  pleasing  style  in  which  these  skett^^s  are  written,  the  plans  taken  to  secure  ac¬ 
curacy,  and  the  information  conveyecLA^ffcrtune  to  give  them  great  value  and  interest. 
No  better  or  more  inspiring  readin^j^JAbe  placed  in  ihe  bands  of  an  intelligent  and 
aspiring  young  man.” — New  V ’ q%]£xj%rmian  Work. 

“  A  book  whose  interest  an*h«Hue  are  not  for  to-day  or  to-morrow,  but  for  indefinite 
time.” — Rochester  Heraldic 

“  It  is  difficult  to  imagme  fl  reader  of  ordinary  intelligence  who  would  not  be  enter¬ 
tained  by  the  book.T  .  ( Conciseness,  exactness,  urbanity  of  t-me,  and  interestingness 

are  the  four  qualitie^Sflch  chiefly  impress  the  reader  of  these  sketches.”— Buffalo 
Express. 

“Full  ng  and  valuable  matter.” — The  Churchman. 
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